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1.  INTRODUCTION 


1.?  nU.lFCTIVFS  FOR  PHASF  lA 


Section  1 
INTRODUCTION 


1.1  BACKGROUND 

Deployment  of  large  space  structures  for  com¬ 
munications,  space  defense,  power  generation, 
manufacturing,  and  research  has  become  a  major 
objective  of  space  mission  planners  for  the  mid- 
1980s  and  beyond.  These  systems  typically  com¬ 
bine  large  size  with  extremely  rigorous  pointing 
and  surface  figure  performance  requirements. 

There  is  a  clear  need  to  achieve  diffraction- 
limited  performance  with  large  apertures  exem¬ 
plified  by  antennas  operating  above  10  gHz  and 
by  large  precision  optical  systems.  Boresight 
jitter  stabilization  well  below  1  wrad  and  dy¬ 
namic  surface  figure  error  near  one  twentieth  of 
a  wavelength  are  necessary  to  realize  the  per¬ 
formance  capability  of  these  large  systems. 

Coupled  to  these  ultrahigh  performance  require¬ 
ments  are  the  obvious  needs  to  minimize  space¬ 
craft  mass  and  construction  and  launcfi  costs. 
Hiqh  system  mass  may  entail  multiple  launches 
and  on-orbit  assembly,  greatly  increasing  system 
cost.  In  addition,  structural  design  and  mate¬ 
rials  limitations  may  in  many  cases  make  high 
performance  unreachable  with  any  mass  in  a  pas¬ 
sive  system.  In  general,  such  constraints 
result  in  highly  flexible  spacecraft  which  ex¬ 
hibit  poor  dimensional  precision.  Our  current 
ability  to  conceptualize  space  systems,  to 
select  structural  materials,  and  to  build  mecha¬ 
nisms  for  on-orbit  construction  and  deployment 
has  now  far  outstripped  our  demonstrated  ability 
to  control  the  resulting  structures.  This 
observation  has  in  recent  years  given  impetus  to 
the  idea  of  building  control-conf igured  space¬ 
craft  using  active  stabil ity-augmentation  sys¬ 
tems,  integrated  with  the  spacecraft  structure 
in  the  design  process,  to  achieve  what  passive 
methods  alone  cannot  accomplish. 

Integration  of  structural  and  control  design  is, 
of  course,  a  well-established  discipline  for 
high-performance  aircraft,  but  its  extension  to 
flexible  spacecraft  is  by  no  means  straight¬ 
forward.  Not  only  are  the  control  requirements 
quite  different,  but  spacecraft  structural 
dynamics  also  give  rise  to  a  dense  spectrum  of 
nearly  undamped,  partly  identified  modes,  some 
of  which  must  be  significantly  controlled  with¬ 
out  destabilizing  the  closed-loop  system.  Con¬ 
trol  requirements  for  large  structures  may  be 
broadly  divided  into  three  categories:  (1) 
attitude  control  in  the  presence  of  structural 
bending;  (2)  transient  vibration  supression 
(usually  required  during  maneuvering);  and 


(3)  suppression  of  steady-siate  vibration 
propagation  due  to  onboard  disturbance  sources. 
Stability  augmentation  and  flight  control  system 
configurations  are  dictated  by  mission-dependent 
mixes  of  these  objectives.  Passive  structural 
damping  can  in  some  cases  provide  the  desired 
performance  or  enhance  active  system  perfor¬ 
mance.  Such  passive  methods,  however,  have  un¬ 
predictable  performance  characteristics,  address 
only  a  small  subset  of  the  main  control  objec¬ 
tives,  and  in  some  cases  can  degrade  system  per¬ 
formance  (see  Section  4).  Control  requirements 
are  an  essential  ingredient  in  proper  modeling, 
synthesis,  and  evaluation  activities,  and, 
indeed,  the  form  which  the  control  systems  take 
is  highly  deoendent  on  the  performance 
requirements. 

The  purpose  of  the  DARPA/ACOSS  program  is  to  in¬ 
vestigate  the  feasibility  of  control-configured 
spacecraft  bv  developing  and  testing  control^ 
synthesis  procedures  and  performance  evaluation 
techniques  and  by  assessing  hardware  reouire- 
ments  (through  brassboard  demonstrations)  for 
fl  iqht  experiment  programs.  Specific  require¬ 
ments  for  Phase  lA  are  detailed  below.  During 
Phase  1,  and  subsequently  in  Phase  lA,  the 
Lockheed  Missiles  &  Space  Company,  Inc.  (LMSC) 
team  developed  a  basic  synthesis  methodology, 
described  in  detail  in  Section  4  of  this  report, 
which  incorporated  a  two-level  control  synthesis 
approach.  At  one  level,  specific  structural 
mode  shapes  and  modal  dampings  were  signifi¬ 
cantly  modified  by  plant-dependent  estimator/ 
controller  forms  referred  to  as  high-authority 
controllers.  At  the  other  level,  smal  1^  amounts 
of  damping  were  introduced  by  colocated 
actuator/sensor  pairs  using  rate-feedback  (out¬ 
put  feedback)  control  laws  synthesized  with  very 
little  dependence  on  knowledge  of  plant  param¬ 
eters.  These  low-authority  control  mechaniza¬ 
tions  provided  the  basis  tor  reducing  spillover 
instability  created  by  high-authority  controls. 

1.2  OBJECTIVES  FOR  PHASE  lA 

The  extension  of  Phase  1  activities  into  Phase 
lA  (ACOSS  FIVE)  at  LMSC  sought  to  advance  the 
basic  synthesis  procedures  to  more  complex  exam¬ 
ples  and  to  provide  an  experimental  basis  on 
which  to  assess  the  validity  of  the  synthesis 
and  performance  evaluation  techniques.  Toward 
this  end,  the  Phase  lA  objectives  naturally 
divide  into  analytical  and  brassboard  demonstra¬ 
tion  activities.  The  analytical  objectives 
include: 
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1.  The  formalization  of  the  controls  synthesis 
procedure 

2.  Application  to  a  complex  structure 

3.  Demonstration  of  the  integration  of  low- 
and  high-authority  control  techniques 

4.  Assessment  of  robustness 

5.  Investigation  of  performance  limits 

These  activities  were  centered  on  the  analysis, 
of  a  test  structure,  CSDL  No.  2,  representative 
of  a  precision  optical  space  system.  The 
brassboard  activities  included  three  experi¬ 
ments  to  address  fundamental  analytical 
concepts,  viz: 

1.  Verification  of  low-authority  control 
synthesis  on  a  two-axis  vertical  beam 

2.  Digital  mechanization  of  high-authority 
control  on  a  test  structure  using  twin 
flexible  beams  - 

3.  Verification  of  transient  suppression  using 
integrated  low-  and  high-authority  tech¬ 
niques  on  a  highly  resonant  circular  plate 
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1.3  SCOPE 

This  report  summarizes  the  work  of  Phase  lA  by 
collecting  the  significant  experimental  data 
and  interpretations  in  light  of  the  theoretical 
developments  begun  in  Phase  1  and  continued  in¬ 
to  Phase  lA.  Sufficient  detail  is  provided  to 
assess  the  depth  of  the  experimental  investiga¬ 
tion  and  to  motivate  the  findings,  but  not  to 
replicate  the  experiments.  Analytical  studies 
are  developed  in  detail  and  control  gains  and 
plant  dynamics  are  provided  so  that  interested 
researchers  may  reproduce  the  analytical 
resul ts. 

1.4  REPORT  FORMAT 

The  report  begins  in  Section  2  with  an  overview 
of  program  achievements  with  several  comments 
on  the  role  of  existing  technology.  A  summary 
of  technical  activities  follows  in  Section  3 
with  a  review  of  the  methodology  and  an  expla¬ 
nation  of  the  experimental  results.  The  report 
concludes  with  an  extensive  technology  primer 
which  gathers  together  analytical  work  on  the 
CSDL  No.  2  model  and  explains  the  details  of 
the  controls  approach. 
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Section  ? 

TECHNOLOGY  ACHIEVEMENTS 


2.1  MAJOR  FINDINGS  AND  RESULTS 

Basic  substantiation  of  the  LAC/HAC  control 
synthesis  procedures  was  achieved  in  Phase  lA. 

In  particular,  analytical  work  on  the  complex 
CSDL  No.  2  model  showed  that  LAC  and  HAC  mecha¬ 
nizations,  synthesized  using  different  models, 
could  be  combined  by  including  LAC  control  out¬ 
puts  in  the  HAC  estimator  equations.  This 
allowed  both  systems  to  be  synthesized  indepen¬ 
dently  without  the  controllers  "working  against 
each  other."  Independent  synthesis  lT  the  LAC 
output  feedback  mechanization  is  particularly 
advantageous.  It  means  that: 

1.  HAC  control  synthesis  need  not  consider  LAC 
closed-loop  evaluation  models. 

2.  Spillover  suppression  using  LAC  can  be 
assured  by  basing  LAC  synthesis  on  a  model 
of  much  higher  order  than  is  convenient  or 
appropriate  for  HAC  synthesis. 

Furthermore,  this  technique  allows  extremely 
high-performance  steady-state  vibration  sup¬ 
pression  while  retaining  robustness  vis-a-vis 
spacecraft  parameter  changes.  A  fundamental 
theorem  for  LAC  stability  is  establ ished  which 
sets  limits  to  maximum  LAC  performance  vis-a- 
vis  structural  or  actuator  passive  damping. 

Experimental  evidence  now  provides  a  basis  for 
LAC  robustness  claims.  Cross-coupling  errors 
in  multiple  degree-of-freedom  systems  appear  to 
cause  no  problems  for  LAC  performance.  Con¬ 
versely,  noncolocation  or  nonconsistency  errors 
in  the  output  feedback  mechanization  can  cause 
significant  instability,  usually  at  high  fre¬ 
quency.  Good  sensor/ actuator  selection  and 
design  can  eliminate  these  problems,  however. 

A  major  performance  improvement  was  achieved  in 
Phase  lA  with  the  development  of  the  pivoted 
proof-mass  actuator  (PPM)  using  high-bandwidth 
electrodynamic  motors.  This  design  is  inher¬ 
ently  fl ight-qual if iable. 


2.2  RELATIONSHIP  TO  EXISTING  TECHNOLOGY 

Methodologies  closest  to  ACOSS  involve  -stabil¬ 
ity  augmentation  of  control-configured  air¬ 
craft,  ride  control,  and  load  alleviation. 

LAC  output  feedback  approach  (identical ly  located 
acceleration  and  force  (ILAF)  technique)  has 
been  used  successfully  on  numerous  aircraft. 

Modal  control  techniques  there  can  be  much _ 
simpler  than  those  for  space  structures,  since 
fewer  modes  participate  in  performance  degrada¬ 
tion  or  HAC  spillover.  Also,  transient  vibra¬ 
tion  suppression  is  the  only  case  of  interest 
there.  In  general,  evaluation  models  for  space¬ 
craft  are  not  nearly  as  well-defined,  the  con¬ 
trol  objectives  are  more  complex,  and  the  per¬ 
formance  requirements  are  more  difficult  to 
achieve,  from  both  sensor/ actuator  and  alqo- 
rithm  points  of  view. 

2.3  IMPACT  ON  FUTURE  SYSTEMS 

Achievement  of  goals  for  space-based  advanced 
communication,  military  surveillance,  and 
weapons  systems  will  necessarily  depend  on 
control-configured  spacecraft.  After  feasi¬ 
bility  is  demonstrated  by  actual  flight  experi¬ 
ments,  a  synergistic  approach  using  combined 
controls  and  structural  methods  will  be  adopted 
to  effect  new  systems.  Spacecraft  missions, 
now  impractical,  may  become  reality  in  the  1990 
time  frame. 

Methodologies  currently  being  explored  for  LSS 
are  still  developmental  and  will  continue  to  be 
that  way  until  flight  experiments  can  confirm 
the  validity  of  the  engineering  approach. 
Engineering  proof-of-concept  experiments  will 
reduce  flight  experiment  risks,  hut  there  is 
inherently  no  way  to  completely  verify  perfor¬ 
mance  of  a  system  which  cannot  be  ground- 
tested;  and  the  test  would  be  meaningless  in 
any  event.  This  is  currently  the  major 
difficulty  in  achieving  acceptance  of  this 
technology  to  the  same  extent  as  it  has  been 
accepted  in  the  aviation  community. 


3. 


TECHNICAL  ACTIVITIES 


3.?  TASKS  RELATED  TO  SOW 


Section  3 

TECHNICAL  ACTIVITIES 


3.1  OBJECTIVES  AND  APPROACH 

The  ACOSS  FIVE  effort  encompassed  both  analyti¬ 
cal  and  experimental  activities,  which  are  des¬ 
cribed  in  this  section.  The  objectives  that 
motivated  those  activities  were  described  in 
Section  1  and  are  repeated  here.  Since  analyt¬ 
ical  details  are  contained  in  Section  4,  only  a 
very  brief  summary  of  the  procedures  will  be 
included  here.  Experimental  results,  however, 
will  be  fully  detailed  in  Sections  3.4  and  3.5 
below. 

The  project  objectives  divide  into  analytical 
and  experimental  yoals.  Analytical  objectives 
include: 

1.  Development  of  a  procedural  organization  for 
the  synthesis  and  evaluation  techniques 

2.  Demonstration  of  the  viability  of  integrated 
low-  and  high-authority  control  (LAC/HAC) 

3.  Limited  evaluation  of  LAC/HAC  robustness 

4.  Evaluation  of  Stability  Augmentation  Systems 
(SAS)  and  disturbance  rejection  performance 
limits  for  control-configured  spacecraft. 

These  objectives  are  addressed  in  detail  in 
Section  4. 

Experimental  objectives  are  based  on  require¬ 
ments  for  verification  of  fundamental  concepts 
using  realizable  sensors  and  actuators  on  simple 
■'.est  structures.  Following  the  theoretical 
development,  these  objectives  C'e; 

1.  Verification  of  LAC  synthesis  and  performance 
prediction  formulas  on  simple  structures 

2.  Investigation  of  digital  HAC  mechanization 
characteristics 

3.  Practical  integration  of  LAC  and  HAC  tech¬ 
niques  for  transient  vibration  suppression. 

The  approach  to  these  objectives  consists  of 
treating  a  few  control  problems  in  considerable 
detail  by  limiting  both  the  number  of  system 
models  to  be  investigated  and  the  performance 
requirements  of  interest.  For  the  analytical 
objectives,  a  single  structure,  CSDL  No.  2,  was 
selected  by  DARPA  for  study  of  synthesis  proce¬ 
dures,  modeling  difficulties,  and  performance 
assessments.  For  the  experimental  work,  three 
test  structures  were  used:  (1)  a  vertical  tubu¬ 
lar  beam  (Slim  Beam)  to  verify  multi-axis  LAC 
mechanization  using  proof-mass  inertial  force 
actuators;  (2)  a  multiple  beam  (Toysat)  to 
assess  digital  control  problems  using 


noncolocated  actuators  and  sensors;  and  (3)  a 
vertically  suspended  highly  resonant  circular 
plate  using  inertial  actuators,  optical  sensing, 
and  combinations  of  analog  LAC  and  digital  HAC. 
These  mechanizations  were  selected  to  verify 
fundamental  ideas  while  demonstrating 
brassboard-mounted  actuator/sensor  concepts 
which  could  be  employed  on  actual  spacecraft. 
Thus,  actuation  methods  which  rely  on  reactions 
against  the  laboratory  reference  frame  were 
mostly  avoided. 

3.2  TASKS  RELATED  TO  SOW 

The  original  ACOSS  Phase  lA  SOW  was  substantial¬ 
ly  modified  over  the  course  of  the  contract  to 
reflect  changes  in  experimental  objectives.  The 
main  SOW  objectives  for  analytical  and  experi¬ 
mental  development  are  listed  below,  usina  the 
original  task  numbering. 

Task  4.1  Development  and  Demonstration  of 
Control  Strategies 

The  analytical  work,  including  control  lawsyn- 
thesis  for  brassboards,  was  included  in  this 
task.  Although  not  performed  in  serial  order, 
the  individual  tasks  included,  as  required  by 
the  Task  4.1  SOW: 

-  Modeling 

-  System  identification 

-  Model  reduction 

-  Control  law  synthesis  methodology 
devel opment 

-  LAC/HAC  synthesis. 

Task  4.2  Fabrication 

All  test  articles,  including  actuators,  were 
fabricated  in  this  task.  They  included: 

-  Pivoted-proof-mass  actuator  construction 

-  Slim  Beam  fabrication  and  assembly 

-  Toysat  fabrication,  suspension,  and 
assembly 

-  Circular  Plate  fabrication,  suspension, 
and  assembly. 

Task  4.3  Experiments  and  Testing 

All  brassboard  testing  was  accomplished  under 
this  task,  including: 

-  Actuator/sensor  testing 

-  Slim  Beam  data  generation  and  reduction 

-  Toysat  testing 

-  Circular  Plate  testing. 
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3.4.1  ANALYTICAL  EXAMPLES  AND  EXPERIMENT 
DESCRIPTIONS 


During  these  tests  system  identification  methods 
were  given  limited  evaluation  tests. 

3.3  CONTROL  THEORY  AND  METHODOLOGY  SUMMARY 

In  Section  4  a  detailed  account  is  given  of  the 
theory  and  methodology  subsequently  applied  to 
a  large  complex  optical  structure  (CSDL  No.  2) 
to  illustrate  the  procedures  developed  in  the 
ACOSS  program.  In  summary  form,  these  steps  are 
(see  Fig.  4-2  in  Section  4.1.4): 

1.  Definition  of  the  structural  model,  the  dis¬ 
turbances,  and  the  control  objectives.  For 
nontrivial  applications  finite-element 
structural  modeling  is  used,  providing  a 
specially  formatted  output  tape  containing 
modal  freqencies  and  mode  shape  values  at 
nodal  stations  on  the  structure. 

2.  Creation  of  the  state-space  model  to  prepare 
the  structure  for  control  systems.  This 
requires  a  preliminary  selection  of  sensors 
and  actuators  based  on  engineering  judgment 
arising  from  examining  the  physics  of  the 
problem  and  refined  by  the  use  of  control¬ 
lability,  observability,  and  various  modal 
cost  criteria.  This  initial  model  is  taken 
to  be  the  "truth-model"  or  evaluation  model, 
and  is  generally  of  large  dimension.  All 
control  laws  subsequently  designed  are 
tested  against  this  model  for  stability  and 
performance. 

3.  Reduction  of  the  previous  model  to  a  work¬ 
able  size  for  control  synthesis.  This 
reduction  process  also  involves  control¬ 
lability,  observability,  and  modal  cost  cri¬ 
teria.  In  general,  the  first  reduction  is 
used  for  LAC  synthesis  and  a  further 
reduction  for  HAC  synthesis. 

4.  Control  synthesis  is  carried  out  for  HAC, 
and  the  spillover,  evaluated  in  the  evalua¬ 
tion  model,  is  used  to  synthesize  the  LAC 
gains. 

5.  The  LAC  control  law  is  then  incorporated 
into  the  HAC  state  estimator,  and  the  com¬ 
bined  HAC/LAC  control  laws  are  evaluated  for 
stability  (spillover  correction)  and  per¬ 
formance  on  the  evaluation  model.  For 
robustness  tests,  the  same  controller  is 
evaluated  on  perturbed  evaluation  models. 

3.4  IMPLEMENTATION 

Control  methodologies  developed  for  the  ACOSS 
program  have  been  implemented  and  tested  on  both 
computer  models  and  real  hardware  brassbdard 


experiments.  This  section  briefly  summarizes 
these  implementations,  which  are  discussed  in 
detail  in  subsequent  sections.  The  components 
used  for  the  brassboard  experiments  are  de¬ 
scribed  in  this  section,  and  accompanying  numer¬ 
ical  data  are  presented.  The  matrix  of  experi¬ 
ments  constituting  the  test  plan  is  examined, 
and  achievements  and  problems  are  discussed. 

3.4.1  Analytical  Examples  and  Experiment 
Descriptions 

Two  computer  models  have  been  used  to  demon¬ 
strate  the  LMSC  ACOSS  technology.  First,  a 
"simple"  example  consisting  of  a  two-mode  model 
was  created  for  the  purpose  of  demonstrating  in 
its  simplest  form  the  theory  that  had  been  de¬ 
veloped  and  described.  Since  one  of  the  most 
important  aspect  of  LSS  control  is  the  handling 
of  unmodeled  modes,  this  example  had  to  be  at 
least  a  two-mode  model,  one  mode  being  con¬ 
trolled  and  the  other  one  uncontrolled,  so  that 
the  HAC/LAC  two-level  approach  could  be  demon¬ 
strated. 

The  HAC  controller  in  the  simple  example  in¬ 
volves  a  state  estimator  which  is  of  second 
order  if  only  one  mode  is  to  he  estimated.  The 
evaluation  model  of  the  total  system  is  thus  of 
sixth  order  -  two  for  the  controller  plus  four 
for  the  original  two-mode  model.  Consequently, 
pure  analytical  solutions  are  impossible,  since 
eigenvalues  and  eigenvectors  for  a  sixth  order 
system  are  required.  Some  computing  is  neces¬ 
sary  to  determine  optimal  gains  and  the  stabil¬ 
ity  of  the  total  system  even  in  that  simple 
case.  Inclusion  of  frequency  shaping  methods, 
which  involve  a  state  augmentation  procedure, 
inflates  the  size  of  the  example  even  more. 
Therefore,  this  examole  should  not  be  construed 
as  being  representative  of  the  actual  control 
methodology,  since  the  controller  order  ends  uo 
being  much  higher  than  that  of  the  original 
model.  This  does  not  happen  with  a  real  struc¬ 
ture,  where  the  number  of  modes  far  exceeds  the 
size  of  the  control  system.  However,  the  exam¬ 
ple  will  help  the  reader  to  follow  the  various 
procedures  of  the  control  synthesis. 

The  second  example,  generated  by  Charles  Stark 
Draper  Laboratory,  is  more  representative  of  a 
real  spacecraft  with  high  performance  optical 
capabilities.  This  model,  referred  to  as  CSDL 
No.  2,  is  a  wide-angle,  three-mirror  optical 
space  system,  together  with  a  1 ine-of-sight 
(LOS)  model  giving  the  law  of  displacement  of 
the  image  in  the  focal  plane  when  the  structure 
deforms.  The  control  problem  is  to  reduce  the 
LOS  error  in  the  presence  of  structural  vibra¬ 
tions  induced  by  two  independent  onboard  sinu- 
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sinusoidal  disturbances  acting  simultaneously. 
The  evaluation  (truth)  model  contains  44  modes 
(or  88  states),  and  the  controller  is  of  order 
32,  leading  to  a  total  system  order  of  120. 

The  size  and  complexity  of  this  example  is 
representative  of  the  actual  problems  encount¬ 
ered  for  LSS  control. 

The  dynamic  analysis,  control  synthesis,  and 
performance  evaluation  of  such  a  model  requires 
the  use  of  large-scale  computer  programs  without 
which  the  LSS  control  problem  cannot  even  be 
addressed.,  Indeed,  the  simplest  model  which  is 
of  sufficient  size  to  Illustrate  fundamental 
generic  approaches  (e.g.,  model  reduction,  in- 
band  and  out-of-band  spillover,  disturbance 
rejection,  etc.)  would  be  about  20th  order  for 
only  a  five  mode  system  with  no  actuator  or 
sensor  dynamics.  In  effect  then,  for  the  LSS 
control  methodology  the  difference  between 
models  of  order  10,  20,  or  120  is  purely  aca¬ 
demic  except  for  the  additional  numerical 
accuracy  problems  which  result  from  large-scale 
computation. 

Experimental  verifications  of  the  control  strat¬ 
egies  demonstrated  on  these  computer  models  have 
been  undertaken  using  three  different  test 
structures.  These  experiments  are  referred  to 
as  the  Slim  Beam,  Toysat,  and  Circular  Plate 
experiments. 

The  Slim  Beam  is  a  vertically  suspended  flexible 
beam.  Actuators  and  sensors  are  mounted  with 
no  connection  (other  than  electrical)  to  the 
laboratory.  This  experiment  adequately  repre¬ 
sents  a  free  structure  in  space  and  is  mainly 
devoted  to  testing  the  LAC  approach. 

Toysat  is  a  horizontal  flexible  beam  with  a 
massive  rigid  body  in  its  center.  The  beam  is 
suspended  to  allow  only  rotations  (or  bending) 
in  the  horizontal  plane.  Actuators  mounted  on 
the  ground  impart  forces  and  torque  to  the  cen¬ 
tral  body,  and  the  sensors  are  linear  variable 
displacement  transducers  and  accelerometers. 

This  experiment  demonstrates  the  capabilities 
of  a  digital  HAC  system  for  imparting  a  signifi¬ 
cant  amount  of  damping  in  the  first  few  bending 
modes. 

Finally,  the  Circular  Plate  is  a  vertically 
suspended  thin  aluminum  plate  in  nearly  free- 
free  conditions.  The  actuators  are  of  two 
types:  1)  proof-mass,  and  2)  contactless  (they 
have  a  ground-based  part  but  provide  no  extra¬ 
neous  friction  or  damping).  The  sensors  are  1) 
optical,  with  ground  reference,  and  2)  inertial 
(accelerometers).  This  experiment  is  the  clos¬ 
est  of  the  three  to  a  real  LSS  because  of  its 


high  modal  density,  low  natural  damoing,  and 
three-dimensional  characteristics.  It  is  con¬ 
trolled  by  a  high-speed  digital  optimal  control¬ 
ler  capable  of  handling  a  large  number  of 
states  06  in  this  current  phase).  Control  op¬ 
erates  on  pointing  as  well  as  vibration.  Hard¬ 
ware  failure  prevented  the  full  testing  of  this 
controller,  but  successful  tests  were  conducted 
with  a  purely  analog  rigid  body  controller. 

3.4.2  Components 

Proof-mass  actuators.  These  actuators  produce 
a  force  on  the  structure  by  inertial  reaction 
on  a  small  mass  (proof-mass),  as  shown  in 
Fig.  3-1.  Although  an  exact  linear  momentum 
counterpart  of  the  angular  momentum  storage 
devices  does  not  exist,  the  "proof -mass"  actua¬ 
tor  comes  closest  to  the  linear  analog  of  a 
gyro. 


An  important  feature  is  that  the  force  f  applied 
to  the  structure  is  the  opposite  of  the  force 
acting  on  the  mass  m  of  the  actuator.  Thus, 
this  mass  will  accelerate  with  the  acceleration 
-  f/m,  and,  unless  the  force  is  reversed,  the 
mass  will  continue  to  travel.  This  seems  an 
obvious  point,  but  it  is  an  important  distinc¬ 
tion  from  the  CMG  case,  where  the  gimbal  angle 
stays  constant  when  no  torque  is  generated. 

This  means  that  proof-mass  actuators  cannot  be 
used  for  rigid-body  control;  their  main  purpose 
is  to  control  vibrations,  since  in  this  case 
they  will  produce  a  force  with  no  DC  content. 

In  fact,  in  practical  implementations  these 
actuators  will  always  be  AC  coupled  to  remove 
any  possible  bias,  and  the  mass  will  have  to  be 
physically  restrained  by  a  weak  spring  so  it 
will  not  drift. 
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PROOF-MASS  ACTUATORS 


3.  TECHNICAL  ACTIVITIES 


3.4.2  COMPONENTS: 


Existing  linear  actuators  (i.e.,  those  which 
provide  a  translational  motion,  such  as  the  Ling 
Shaker)  are  plagued  by  three  main  disadvantages: 
considerable  weight,  stiff  guiding/suspension 
systems  with  inherent  friction,  and  weakness  of 
the  suspension  system  in  transverse  loadings. 

To  remedy  these  difficulties  a  new  actuator  was 
recently  developed,  the  so-called  pivoted  proof- 
mass  (PPM)  actuator.  In  this  actuator  the  lin¬ 
ear  motion  of  the  proof -mass  is  approximated  by 
a  small  circle  of  arc  about  a  pivot  point  real¬ 
ized  by  a  flexure.  This  type  of  flex-pivot  has 
three  advantages:  1)  it  is  very  strong  in 
transverse  loadings;  2)  it  has  no  stiction;  and 
3)  it  is  extremely  accurate  mechanically.  The 
actuation  is  obtained  by  a  light  electrodynamic 
motor.  Figure  3-2  shows  a  picture  of  an  actual 
PPM  prototype,  and  Fig.  3-3  shows  a  schematic 
of  the  device. 


Despite  its  much  improved  performances,  the  PPM 
actuator  still  has  some  residual  undesirable 
dynamics  characteristics,  mostly  due  to  non- 
linearities  and  the  flexure  spring  constant. 

In  order  to  eliminate  these  characteristics,  the 
velocity  of  the  proof -mass  is  controlled  by  the 
servo-loop  shown  in  Fig.  3-4.  The  behavicr  of 
this  velocity-controlled  actuator  is  described 
in  the  following  discussion. 


POWER 

AMPLIFIER 


VELOCITY 

SENSOR 


(COMMANDED 

VELOCITY) 


Fig.  3-4  Actuator  Servo-Loop 


Fig.  3-2  PPM  Actuator  Photograph 
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Fig.  3-3  Pivoted  Proof-Mass  Actuator  Schematic 


Let  m  be  the  mass  of  the  proof -mass,  k  the 
stiffness  of  the  suspension  system,  and  x  the 
relative  displacement  of  the  proof -mass.  The 
actuator  is  attached  to  some  structure  where 
displacement  is  denoted  by  y.  Thus,  the 
transformed  eguations  of  the  system  in  the 
s-plane  are 


ms^(x  ■*  y)  +  kx 
V  =  sx 
y  =  z(s)f 

where  z(s)  is  a  transfer  function  characteristic 
of  the  structure  and  may  be  very  small  in  the 
frequency  range  of  interest  if  the  structure  is 
very  rigid  (e.g.,  the  actuator  mounted  on  a  test 
bench).  Solving  Eq.  (3.1)  for  v  gives  the 
transfer  function 


f  + 


G(v^  -  v) 


(3.1) 


v/Vc 


1  + 


k  +  ms 

T 


Gs(l  +  ms  z(s)) 


-1 


(3.2) 


Thus,  for  G  large  enough,  the  influence  of  m, 
k,  and  z  are  washed  out,  and  v  basically 
follows  the  commanded  velocity  v^-.  The  band¬ 
width  of  such  systems  is  given  approximately  by 

=  G/m  ,  (3.3) 


and  the  minimum  achievable  velocity  is 

V  =  f-/G  (3.4) 

0  0 
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3.  TECHNICAL  ACTIVITIES 


3.4.?  COMI’ONFNTS:  PROOF-MASS  ACTUATORS 


where  fn  is  the  friction  force  in  the  actuator 
system.  Thus,  linearity  in  both  frequency 
response  and  amplitude  is  qreatly  improved  by 
S^velcity  feedback.  Figure  3-5  shows  a  typi¬ 
cal  example  of  open-  and  closed-loop  transfer 
functions  of  this  actuator. 


- , - r- — ,  ,  )  I  I  I  I  I  M  Iiiii»ii.l..lt 


10 

FREQUENCY 


■■I . 1 . 

100 


Fig.  3-5  Velocity  Response  of  PPM  Actuator 


Velocity-controlled  (VC)  actuators  are  quite 
different  from  force  actuators  and  therefore 
must  be  used  differently.  For  LAC  implementa¬ 
tion,  the  usual  control  law  in  its  simplest  form 
is 


f  =  -  Dy  .  (3-5) 


Integrating  once  leads  to 

w  =  H  V  +  constant, 
m 


(3.8) 


This  shows  that  the  velocity  of  the  actua_^ 
must  be  proportional  to  the  smjciur^j^l^^ 
inent.  Therefore,  when  using  a  VC  actuator,  one 
sTi^ld  feed  back  position  and  not  rate  as  for 
force  actuators.  This  is  an  unusual  but  very 
important  point  to  be  noted.  For  example,  con¬ 
sider  the  electronic  compensator  shown  in 
Fiq  3-6  The  commanded  force  fc  goes  through 
a  gain  -1/m  and  is  integrated  before  going  to 
the  VC  actuator.  The  velocity  of  the  proof  _ 
mass  is  then  v  =  -fc/ms  and  the  force  output  is 
f  =  -msv  =  fr.  Thus,  the  integrating  circuit 
has  transformed  the  VC  actuator  into  a  force 
actuator.  In  practical  applications,  however, 
it  is  important  to  remember  that  proof-mass 
actuators  must  be  AC  coupled,  and  thus  the 
integration  in  Fig.  3-6  must  be  ''epiaced  by  a 
compensation  of  the  type  s/(s  +  a)(s 
a  and  b  are  small  compared  to  the  frequency  of 

1  _ _ j.  ^ 


STRUCTURE 


If  the  structural 
small  compared  to 
mass*,  then 


displacement  y  is  relatively 
the  displacement  of  the  proof- 


f  =  -  mx 


(3.6) 


(1)  DIRECT  USE  OF  VC  ACTUATOR 

(2)  USE  OF  VC  ACTUATOR  AS  A  FORCE 
ACTUATOR 


Fig.  3-6 


Electronic  Compensation  for  Velocity 
Controlled  (VC)  Actuators 


and  Eqs.  (3.5)  and  (3.6)  can  be  combined  to  give 


X 


(3.7) 


Th-  dynamics  of  the  PPM  actuator  are  not  as 
straightforward  as  those  of  the  linear  type.  A 
dynamic  model  of  the  actuator  is  shown  in 
Fig.  3-7. 


★This  IS  normally  the  case  because  the  struc¬ 
ture's  local  apparent  mass  is  usually  larger 
than  the  mass  of  the  proof-mass. 
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3.4.2  COMPONENTS;  PROOF-MASS  ACTUATORS 
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Fig.  3-7 


PPM  Actuator  Dynamics  Model 


Because  of  pivoting,  both  reaction  force  and 
torque  are  produced  on  the  structure. 

Application  of  D'Alembert's  principle  shows  that 


f 

T 


-  mb  (q^  cos  0  +  e  sin  o) 


,  2 

mb  (e  cos  e  -  e  sin  e) 

9  . 2 

(I  +  mb'^)  0  -  mbd  (0  cos  0  -  0 


sin  0); 
(3.9) 


Since  the  angular  displacement  0  is  usually 
limited  to  a  few  degrees,  the  above  equations 
may  be  conveniently  linearized.  The  longitudi¬ 
nal  force  fL  may  be  ignored,  so  that  the 
force  and  torque  applied  to  the  structure  by  the 
actuator  are  given  by 


I  f  s  mb  0  (3.10) 

(t  2  (I  +  mb^  -  mbd)  0  (3.11) 

where 

rf„ 

G  =  - S  •  ^3.12) 

I  +  mb"^ 


Equation 
have  no 
choosing 


(3.11)  shows  that  it  is  possible  to 
torque  transmitted  to  the  structure  by 
the  attachment  point  at  the  distance 


=  (I  +  mb^)/mb  .  (3.13) 


Varying  d  above  or  below  this  value  will 
change  the  sign  of  the  output  torque  as  well  as 


its  magnitude.  The  mass  of  the  PPM  actuator  and 
its  CM  may  be  adjusted  by  changing  the  position 
and  mass  of  a  lead  piece  situated  at  a  distance 
jE  from  the  pivot  point. 

Let  bo,  mo,  and  lo  be,  respectively,  the 
position  of  the  CM,  the  mass,  and  the  moment  of 
inertia  with  respect  to  the  pivot  of  the  "unloaded" 
actuator,  and  let  m^  be  the  mass  of  the  lead 
piece  with  which  it  is  loaded.  Then 


m  =  m„  +  m, 

0  i 

b  =  m  b  +  (3.14) 

0  0  1 

m 

I  +  mb^  =  Ijj  + 


Using  Eqs.  (3.10)  and  (3.12)  the  ratio  of  the 
output  force  to  the  electrodynamic  force  can  be 
expressed  as 


f/f 


e 


\  r 


(3.15) 


In  addition  to  the  mass/inertia  properties  men¬ 
tioned  previously,  two  important  parameters  must 
be  considered  in  the  design  and  use  of  PPM 
actuators: 


(1)  fern  =  maximum  electrodynamic  force 

(2)  ©m  =  maximum  angular  displacement. 


Since  the  angular  displacement  0  depends  upon 
the  frequency,  optimal  choices  for  the  design 
parameters  will  depend  upon  the  frequency  range 
of  application.  From  the  two  conditions 

^el  ^  'em  ^^.IS) 

|g  M  0^  (3.17) 


and  Eqs.  (3.10),  (3.14)  and  (3.15),  two  more 
conditions,  namely 


f| 


\1  +  I 


em 


I  f  I  «  (1  +  m^b^/mj^) 


(3.18) 

(3.19) 


are  found  when  ai/2iT  is  the  frequency  of  the 
output  force. 
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3.  TECHNICAL  ACTIVITIES 


3.4.2  COMPONENTS:  CONTACTLESS  ACTUATORS  j 

I 


Design  regions  may  be  derived  from  these  condi¬ 
tions.  The  quantities  £lr  and  u  may  be 
chosen  as  main  parameters,  and  regions  of  pos¬ 
sible  values  of  f  may  be  plotted  as  functions 
of  them.  Typical  plots  were  obtained  for  the 
prototype  PPM  actuator,  whose  characteristic 
parameters  are  shown  in  Table  3-1. 


Table  3-1 

CHARACTERISTIC  PARAMETERS  OF  PROTOTYPE 

PPM  ACTUATOR 

Mass 

Geometry 

Electro¬ 

dynamics 

I  =1.5  10“^  kgm^ 

0  ^ 

=  0,088  kg 

b  =  0.016  m 

0 

r  =  0.021  m 

e  =  0.067  rad 
m 

em 

The  actuator  used  in  the  experiments  has  a 
proof -mass  mj^  =  0.08  kg.  Figure  3-8  shows 
the  output  force  f  as  a  function  of  Air. 
Depending  on  the  lever  arm,  more  or  less  force 
can  be  obtained.  The  zero  point  (obtained  for 
a  negative  value  of  A  )  corresponds  to  locating 
the  composite  center  of  mass  at  the  pivot  point. 


f  (Newtons) 


20  III 

/ 


A 


/ 


10  Hz 
/ 


iHj  =  0. 80  Kg 


I  \ 


A 


/A- MAXIMUM  ELECTROOYNAMIC 
/y  FORCE  LIMIT 
/  / 


/ 


MAXIMUM  ANGULAR  TRAVEL 


/ 


limit  at  given  FREQUENCY 

L 

..-OPTIMAL  VALUE 


n 

0 

Fig.  3-8  PPM  Actuator  Design  No.  1  -  Per¬ 
formance  Region  (f,A) 


~^Alr 


Tne  fact  that  the  curve  in  Fig.  3-8  does  not  go 
to  infinity  for  Air  =  0  but  has  a  maximum  is 
due  to  the  inertia  of  the  unloaded  actuator. 


which  absorbs  part  of  the  energy  going  to  the 
proof -mass  m^.  The  straight  lines  represent 
the  limits,  at  various  frequencies,  due  to  the 
angular  travel  limitation.  It  is  thus  seen  that 
at  a  given  frequency  there  is  an  optimum  value 
for  Air  corresponding  to  the  intersection  of 
the  curve  and  the  straight  line.  If  this  value 
of  Air  is  chosen  for  a  given  frequency,  then 
the  actuator  will  perform  properly  at  all  higher 
frequencies.  For  instance,  if  this  actuator  has 
to  control  vibrations  at  or  above  5  Hz,  a  value 
close  to  3  is  optimal  for  Air,  leading  to  the 
corresponding  values: 

A  =  0.062  m 

b  =  0.038  m 

m  =  0.168  kg 

I  =  8.2  X  10"^  kg  m^ 

The  effect  of  increasing  the  mass  m^  is  to 
increase  the  angular  travel  limit,  thus  allowing 
the  actuator  to  work  at  lower  frequencies  with 
basically  the  same  force  output.  Obviously  the 
increase  in  mass  can  be  traded  off  against  an 
increase  of  Air,  but  at  the  expense  of  the 
force  level. 

Contactless  Actuators.  This  type  of  actuator 
was  designed  to  provide  small  but  continuous 
forces  for  rigid  body  control  purposes  in  the 
laboratory.  Attitude  control  in  ground  experi¬ 
ments  usually  presents  a  special  problem  because 
the  PPM  actuators  saturate  almost  immediately 
at  any  DC  level  needed  to  compensate  for 
external  disturbances  (air  currents,  suspension 
stiffness,  or  unbalance). 

For  small  specimens,  gyros  are  not  feasible 
because  they  would  have  to  be  miniaturized  or 
because  they  too  will  tend  to  saturate  after  a 
while. 

Electrodynamic  actuators  connected  to  the  ground 
usually  introduce  too  much  friction  and  damping 
and  interfere  with  the  six-degrees-of-freedom 
suspension  system.  One  simple  way  to  produce 
forces  without  mechanical  contact  is  by  the 
interaction  of  a  small  permanent  magnet  with  a 
fixed-base  magnetic  field  created  by  a  coil  as 
shown  in  Fig.  3-9.  Passive  stabilization  of  the 
specimen  may  be  obtained  by  a  purely  magnetic 
system  as  shown  in  Fig.  3-10,  where  the 
magnet  attached  to  the  structure  has  a  neutral 
equilibrium  position.  (This  is  not  a  stable 
equilibrium  along  the  magnet  axis,  but 
the  structure's  motion  along  this  axis  is' 
usually  stabilized  by  the  mechanical  suspension 
itself. ) 


Optimal 
for  5  Hz 


(3.20) 
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3.  TECHNICAL  ACTIVITIES 


3.4.2  COMPONENTS:  ELECTROSEIS  ACTUATORS 


The  contactless  stabilizer  used  in  the  plate 
experiment  is  a  combination  of  the  devices  in 
Figs.  3-9  and  3-10  and  is  depicted  in  Fig.  3-11. 

COILS  MAGNETIC 
FIELD  DIRECTION 


FORCE  APPLIED 
TO  STRUCTURE 


PERMANENT 

MAGNET 


STRUCTURE 


Fig.  3-10  Octopolar  Magnetic  Stabilization 


Fig.  3-9  Contactless  Actuator  Principle 


Electroseis  Actuators.  These  actuators  are  made 
by  Acoustic  Power  Systems,  and  their  primary 
function  is  to  provide  excitation  for  testing 
structures.  They  are  of  the  linear  type,  i.e., 
the  force  is  transmitted  through  a  rod  which  is 
moving  along  its  own  axis.  The  force  is  pro¬ 
duced  by  a  coil /permanent  magnet  system.  The 
constrained  translation  of  the  moving  part  is 
provided  by  rollers. 

The  use  of  electroseis  actuators  in  a  control 
system  is  made  difficult  by  their  friction 
characteristics,  their  nonlinear  behavior  at 
high  force  level  or  frequency,  their  large 
weight  (80  lb),  and  the  fact  that  they  must  have 
their  base  mounted  on  the  ground.  The 
output  stroke  is  ±6  in.,  and  they  can  provide 
a  maximum  of  30  lb  output.  Their  frequency 
range  is  between  1.0  Hz  and  30.0  Hz.  Since  the 
moving  part  weighs  about  5  lb,  it  affects  the 
characteristics  of  the  structure  to  which  it  is 
attached  and  has  to  be  taken  into  account  in  the 
analytical  model  of  the  structure.  This  type 
of  actuator  was  used  for  the  Toysat  experiment 
and  worked  reasonably  well,  given  its 
pathologies. 


Fig.  3-11  Contactless  Stabilizer  Schematic 


3.  TECHNICAL  ACTIVITIES 


3.4.2  COMPONENTS:  ACTUATOR  CALIBRATION 


Actuator  Ca1  ibration.  Calibration  of  a  PPM 
actuator  is  performed  with  the  actuator  tightly 
mounted  on  an  optical  bench.  Angular  motions 
are  detected  optically  (by  a  laser  beam,  mirror, 
and  linear  detector),  inertially  (by  an  accel¬ 
erometer),  and  electromagnetical ly  (by  the  ve¬ 
locity  sensor  coil)  as  shown  in  Fig.  3-12.  The 
primary  measurement  is  the  optical  one  because 
of  its  accuracy  and  sensitivity.  The  accelero¬ 
meter  provides  a  way  to  cross-check  the  data  in 
the  high  frequency  range.  These  measurements, 
along  with  those  of  voltages  and  currents  in  the 
servo-loop,  allow  for  the  calibration  of  the 
velocity  sensor,  the  output  force  of  the 
actuator  (versus  input  current),  and  the 
various  gains  in  the  servo-loop.  The  principal 
results  are  shown  in  Table  3-2. 


Table  3-2 

PPM  ACTUATOR  BENCH  TEST  RESULTS 

f/I 

0.12  N/amp 

0.124  V/ms-1 

•<v 

Gy 

1200 

Note  that  the  force  calibration  is  indirect, 
obtained  from  the  measurement  of  the  angular 
amplitude  Gp,  and  the  relation 

2 

f  =  mb  u)  G|^ 

where  u)/27r  is  the  excitation  frequency,  and 
m  and  b  are  the  quantities  defined  in  Eqs. 
(3.14)  and  computed  from  the  (measured)  values 
given  in  Table  3-1. 

The  contactless  actuators  were  calibrated  directly 
on  the  circular  plate  from  observations  of  the 
rigid-body  response  under  low-frequency  sinu¬ 
soidal  excitation.  The  force  was  obtained  from 
the  relation 


where  M  is  the  mass  of  the  plate,  and  Gp,  is 
the  rigid-body  rotation  angle.  For  these  actu¬ 
ators  the  force/current  relation  was  found  to  be 

f/I  =  0.1  N/amp 
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Fig.  3-12  PPM  Actuator  Calibration 
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Finally,  the  electroseis  actuators  were  cali¬ 
brated  on  the  bench  by  means  of  load  cells. 

Sensors.  Two  types  of  sensors  wore  used  in  all 
the  brassboard  experiments  -  accelerometers  and 
optical  angular  sensors.  However,  a  new  optical 
sensor,  the  "microphase  optic"  sensor,  was  de¬ 
veloped  and  tested  during  this  phase  of  the 
contract.  The  accelerometers  are  Unholtz-Dikie 
piezoelectric  accelerometers  with  an  output  of 
1  V/g.  Their  sensitivity  above  3  Hz  is  about 
1  mg. 

The  optical  angular  sensor  uses  three  elements: 

1.  A  low-power  He-Ne  laser  producing  a  beam 
used  as  a  reference  for  angle  measurements 

2.  A  small  mirror  mounted  on  the  structure, 
reflecting  the  laser  beam 

3.  A  linear  photodetector  measuring  the 
displacement  of  the  reflected  beam. 

Such  a  device  was  used  to  calibrate  the  PPM 
actuators  shown  in  Fig.  3-12. 

For  long  optical  paths  (10  to  40  ft  or  more)  it 
is  customary  to  add  a  beam  expander  to  the  laser 
to  ensure  good  convergence  of  the  spot  on  the 
detector.  The  detectors  used  in  the  experiments 
were  United  Detector  Technology  two-axis  photo¬ 
detectors.  Their  active  area  is  0.74  x  0.74 
(in. 2),  and  their  sensitivity  is  0.0001  in. 
Special  low-noise  amplifiers  are  used  in  con¬ 
junction  with  theiit.  With  a  1  mW  laser  the  out¬ 
put  at  maximum  deflection  is  about  ^  12  V. 

The  principle  of  the  microphase  optics  sensing 
system  was  described  previously  in  the  ACOSS 
THREE  Phase  1  final  report  IRef.  11.  This 
system  is  capable  of  simultaneouslv  measuring 
the  position  of  several  points  on  a  structure 
by  sending  laser  beams  to  corner  mirrors  and 
measuring  the  phase  of  the  return  beams.  A  ten- 
channel  package  was  built,  and  preliminary  tests 
were  made.  Figure  3-13  shows  a  oicture  of  the 
optical  package.  Its  external  dimensions  are 
24-3/4  X  14-1/4  X  5  ( in. ) . 


Fig.  3-13  Microphase  Optics  Ten-Channel 
Package 


3.4.3  TEST  PLAN 


Recause  of  the  sensor's  extreme  sensitivity 
(O.OR  um),  dynamic  range  (2  cm),  and  wide  band¬ 
width  (5  kHz),  it  appears  very  promising  for 
complex  structures  fe.g.,  dynamic  figure  control 
of  large  optical  systems). 

3.4.3  Test  Plan 

The  experimental  objectives  of  this  study  are 
summarized  in  Table  3-3  below. 


Table  3-3 

EXPERIMENTAL  OBJECTIVES 

CONTROL  TYPE 

RRASSBOARfl 

OBJECTIVES 

Low-Authority 

(LAC) 

Siim 

Vert ical 

Beam 

•  2-Axi5  LAC 

•  Comparison  with  Prediction 

•  Cross-Coup  1 inq/Noncolocat ion 
Effects 

•  Robustness  Tests 

•  Fundamental  Stability  Theorem 

Hiqh-Authority 

(HAC) 

Toysat  Struc¬ 
ture  {F lenible 
Multiple  Beams) 

•  Robustness  fiemonstrat ion 

•  Riqid-Bcdy/Bendinq  Mode  Control 

•  Spillover  [iemonstration 

HAC  with  lac 

Circular  Plate 

•  Multi-Mode/Multi-Actuator 

Diqital  Control 

•  Analoq  LAC 

•  Frequency-Shaped  Controls 

•  Interaction  Between  LAC  and  HAC 

In  order  to  reach  these  objectives,  a  test  plan 
was  established  for  each  of  the  experiments. 
These  test  plans  are  described  in  Tables  3-4 
to  3-7, 


SLIM 

Table  3-^ 
REAM  TEST 

MATRIX 

TtST 

NO. 

PURPOSE 

ROLL’OFF 

PLANT 

COMMENTS 

0 

ACTUATOR 

CHARACTERISTICS 

NOMINAL 
(70  Hi) 

- 

1 

i 

10 

PERFORMANCE 

PREOICTlONf 

CAIN  HOUUSTNESS 

NOMINAL 

EXTREMELY 

COOP 

ACnCFMENT 

n 

1 

20 

CAIN  VARIATION 

KITH  LOW  FRCO. 
ROLLOFF 

LOW  |]0  Ml] 

NOMINAL 

NO  EFFECT 

21 

1 

10 

CAIN  VARIATION 

WITH 

PLANT  PARAMETER 
CHANCE 

NOMINAL 

PERTURBED 

IIO  gr 

MASS) 

MICH  ROBUSTNESS 

Table  3-5 

TOY  SAT:  HAC  ESTIMATOR  DESIGN 

SAMPLE  RATE  (Hz) 

ESTIMATED 

antialiasinr 

TEST 

10  20  40  80 

Monts 

FILTER 

COMMENTS 

1. 

X 

Rigid  Body 

Unsuccessful 

2. 

X 

+  4  Bending 

3. 

X 

Modes 

No  Filters 

Satisfactory 

4. 

5. 

y 

6. 

IN-BAND  UNMODELED  MDDES  TESTS 

7. 

REMOVEO 

9. 

Selecteo  Rate 

X  (ino  Hz)  1 

No  Effect 

10. 

Selected  Rate 

X  (150  Hz)  j 
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The  Slim  Beam  test  matrix  is  shown  in  Table  3-4. 
The  most  important  tests  were  Nos.  1  to  lo.  The 
effects  of  noncolocation  and  nonconsistency  of 
the  sensor/actuator  system  were  also  shown  in 
the  tests.  These  effects  precluded  the  observa¬ 
tion  of  the  fundamental  LAC  theorem,  which  pre¬ 
supposes  colocation  and  consistency.  Diaital 
state  estimator  studies  conducted  on  the  Toysat 
experiments  are  shown  in  Table  3-5,  and  the 
digital  optimal  controller  (HAC)  experiments 
are  listed  in  Table  3-6. 

The  circular  plate  experiment  test  matrices  are 
shown  in  Table  3-7.  Because  of  hardware  prob¬ 
lems,  digital  controller  tests  could  not  be 
performed.  However,  successful  tests  were 
obtained  with  an  analog  two-axis  riaid  body 
controller  using  two  contactless  actuators. 


TOYSAT: 

Table  3-6 
HAC  CONTROLLER 

EXPERIMENTS 

SAMPLE 

MODES 

1  PLANT 

RATE 

CONTROL- 

VARIA 

_ 

CONTROLLER  GAIN 

(H; 

LEP 

TION 

NOH- 

1.  2. 

TEST 

LOW. 

INAL 

HIGH 

80 

40 

and  .1 

NONE 

1 

COMMENTS 

1. 

X 

X 

X 

Nominal  Case 

(with  tip  massDSI 

3. 

X 

X 

X 

X 

Effect  of  Plant 

Var1atio''S  on  Slability 

(one  tip  mass  removedl 

5. 

X 

X 

X 

t 

Eventually  Provoked 

6. 

X 

X 

X 

X 

Spillover 

11. 

X 

X 

X 

X 

Low  ‘frequency 

X 

Instabi 1 ftv 

X 

X 

X 

X 

Table  3-7 

CIRCULAR  PLATE  TEST  MATRIX 


XEPEXT  EXPERIMENT  WITH  CONTROLLER  FOR  HAC  FORMULATED  WITH 
SHARP  ROLL-OFF  FILTER  FOR  OUT-OF-BAND  DISTURBANCES 


IH 

I2SI1SE3 

— 

1 — 

lEyijMALn 

MODES 

TEST 

PURPOSE 

■■ 

1  4 

2  RIGID  * 

1  BANCES 

plant'’ 

REMARKS 

inn 

■■ 

1  . 

S  BEnDINC 

j  TYPE 

LOC 

n 

BASELINE 

RUNS 

X 

■ 

■1 

jm 

n 

■njn 

ANALOG  CONTROLLEF 

STABLE 

■ 

ONLY  -  2  RIGID 

1 

■ 

■ 

m 

H 

1 

■ 

BODY  MODES 
CONTROLLED 

B 

2 

X 

B 

H 

B 

B 

ANALOG  CONTROLLER 
ONLY  -  2  RIGID 

MARGINALLY 

BODY  MODES 

■ 

UNSTABLE 

■ 

■ 

■ 

m 

H 

CONTROLLED 

a 

EPFECTS  OF 

■ 

1 

DISTURBANCE 
LOCATION 
CHANCE  ON 

■ 

i 

1 

H 

NOT  AVAILABLE 

■ 

PERFORMANCE 

B 

■ 

2 

B 

n 

B 

iBI 

n 

1 

H 

B 

n 

NOT  AVAILABLE 

'BB 

PLANT 

1 

1 

SENSI¬ 

TIVITY 

TO  PERTUR¬ 
BATION 

1 

1 

1 

1 

1 

n 

NOT  AVAILABLE 

■ 

WITHOUT  LAC 

■ 

D 

■ 

X 

■ 

■ 

D 

2 

■ 

■ 

■ 

m 

a 

D 

1 

■ 

■ 

D 

Hi 

B 

■ 

■ 

■ 

NOT  AVAILABLE 

■ 

■ 

D 

Hi 

H 

■ 

1 

B 

1 

■ 

■ 

B 

BI 

B 

■ 

y 

■ 

■ 

H 

H 

B 

■ 

B 

NOT  AVAILABLE 

■ 

2 

■ 

■ 

0 

B 

H 

■ 

1 

B 

9 

EFFECTS  OF 

PER FORMANCE 

LAC  ON  HAC 

■ 

1 

■ 

D 

H 

H 

1 

1 

B 

INCREASED  OUT 

OF  BAND 

NOT  AVAILABLE 

■■1 

■ 

10 

— 1 

IBI 

H 

■ 

—1 

s 

BB 

n 

m 

■ 

m 

H 

H 

Wm 

B 

1 

yy 

STABILIZED 

ANALOG  CONTROLLEF 

■IHI 

■1 

■ 

H 

B 

■1 

H 

■1 

■ 

ONLY  -  2  RIGID  BODY 
WOOES  CONTROLLED 

•  TYPE  I  DISTURBANCES  ARE  ACTUALLY  TWO  TESTS.  THE  FIRST  TEST  IS  WITH  BROAD-BAND 
DISTURBANCES  WITHIN  THE  CONTROLLER  BANOWlOTH.  THE  SECOND  TYPE  IS  BROAD-BANO  PAST 
THE  CONTROLbCR  BANDWIDTH. 


b  PLANT  1  IS  BASELINE  PLATE.  PLANT  2  IS  SMALL  VARIATION.  PLANT  3  IS  A  LARCE  VARIATION. 
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demonstrating  the  fundamental  spillover  problem 
and  its  stabilization  by  an  LAC  system. 

3.5  VERIFICATION 

3.5.1  Toysat  Experiment 

Phase  lA  Objectives.  In  Phase  1,  the  Toysat 
experiment  was  used  to  demonstrate  optimal 
slewing.  Low  Authority  Control,  and  High 
Authority  Control . 

For  Phase  lA,  the  Toysat  objective  was  to  delve 
into  the  mechanics  of  the  digital  High  Authority 
Control.  Areas  of  concern  were:  1)  agreement 
between  analytical  prediction  and  experimental 
results;  2)  spillover;  3)  low  sample  rate  sys¬ 
tems;  and  4)  sensitivity  to  parameter  errors. 

These  were  all  investigated  experimentally,  and 
the  results  are  presented  here. 


Hardware  Setup.  A  drawing  of  the  Toysat  experi- 
mental  setup  is  shown  in  Fig.  3-14.  The  test 
setup  consists  of  a  l?-ft  flexible  beam  fas¬ 
tened  to  the  side  of  a  1.3-ft  square  block  of 
aluminum.  To  accentuate  bending,  a  ?-lh  weight 
is  attached  to  each  end  of  the  beam.  The  beam 
is  suspended  from  the  ceiling  in  such  a  wav  as 
to  allow  free  motion  in  the  horizontal  plane. 


and  their  difference  measures  the  rotational 
motion.  The  same  holds  true  for  the  position 
sensors.  The  separation  of  rotation  and  trans¬ 
lation  in  both  controller  and  sensor,  as  well 
as  in  the  physical  behavior  of  the  Toysat, 
allows  independent  and  separate  design  of  trans¬ 
lational  and  rotational  control  laws. 

Figure  3-15  shows  how  the  Toysat  is  connected 
by  way  of  A/D  and  D/A  converters  to  a  computer 
where  the  digital  control  law  is  implemented. 

The  large  number  of  computations  necessary  to 
carry  out  the  control  law  is  handled  by  an  array 
processor  which  allows  a  sampling  rate  of  80  Hz. 


Fig.  3-15  Measurement  and  Control  Flow  Diagram 


MODALAS 

COMPUTER 

SYSTEM 


MEASUREMENT 

LOOP 


CABLE  SUSPENSION 
r  ACCELEROMETER 
I  SOLID 


■7 


ALUMINUM  BOX  \ 


FLEXIBLE  \ 
ALUMINUM  BEAM 


^  LINEAR 

ELECTRODYNAMIC 
ACTUATORS  1 


accelerometer 


Fig.  3-14  Toysat  Test  Setup 


The  frequencies,  dampings,  and  mode  shapes  for 
the  assembled  system  are  shown  in  Table  3-8. 
These  data’result  from  a  judicioL.S  combination 
of  analysis  and  testing.  The  rigid  body  modes 
and  the  first  two  bending  modes  in  both  trans¬ 
lation  and  rotation  are  used  in  controls  synthe¬ 
sis  and  implementation.  The  remaining  modes  are 
used  to  evaluate  the  effect  of  spillover.  The 
frequencies  and  dampings  (ui,  are  assembled 
in  the  usual  block  diagonal  form  to  give  the  F 
matrix,  the  nj  give  the  G  matrix,  and  the  (o) 
and  (^)  give  the  Hi  and  H2  matrix  components 
corresponding  to  the  linear  sensors  and  acceler¬ 
ometers  respectively.  (For  definitions  of  these 
matrices,  see  Section  4.2.1.) 

Controls  Synthesis.  The  controller  implemented 
in  the  hardware  has  the  form: 


Control  of  the  motion  of  the  specimen  is  pro¬ 
vided  by  two  linear  actuators.  When  the  actua¬ 
tors  act  together,  translational  motion  results, 
and  when  equal  but  opposite  commands  are  given, 
pure  rotational  motion  results.  Sensing  is 
provided  by  accelerometers  mounted  at  the  ends 
of  the  flexible  beam  and  by  linear  position 
sensors  mounted  in  tandem  with  the  linear  actu¬ 
ators.  The  average  of  the  two  accelerometer 
measurements  indicates  the  translational  motion. 


A 

n+1 


4-  X. 


+  ru_  +  Kz_ 


u 


n 


Cx. 


(3.21) 


where  4>'  denotes  the  transition  matrix,  and 
r',  K,  C  are  constant  matrices  to  be  deter¬ 
mined.  This  deceptively  simple  form  conceals  a 
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multitude  of  complexities  involved  in  choosing 
the  gains  K  and  C.  The  controller  separates 
naturally  into  a  part  which  estimates  the  modal 
amplitudes  and  another  part  which  outputs  these 
estimates,  multiplied  by  some  gain,  to  the  con¬ 
trol  actuators.  In  accoroance  w’th  this  separ¬ 
ation  we  will  present  first  the  estimator  syn¬ 
thesis  and  then  the  control  gains  synthesis. 

Fi Iter  Synthesis.  The  problem  is  defined  in  the 
continuous  domain  by  Eqs.  (3.32)  below.  (The 
state  covariance  is  specified  in  the  continuous 
domain. ) 


X  =  Fx  +  Gu  +  w„ 
c 

(3.22) 

z  =  H^x  +  H2X  +  v^ 

Wc  is  white  noise,  zero  mean,  covariance  Q^; 
Vc  is  white  noise,  zero  mean,  covariance  R^. 


The  extra  term  H2  is  necessary  because  the 
standard  form  does  not  allow  for  acceleration 
measurements.  The  specific  entries  in  the 
matrices  for  the  separate  translation  and  rota¬ 
tion  plants  are  given  in  Table  3-8. 


Ihe  first  step  in  the  synthesis  process  is  to 
convert  the  continuous  system  given  in  Eqs.  (3.22) 
to  a  discrete  system. 


\i  ^  ^  ‘^d 

HiX,,  +  H^x^  +  V 


(3.23) 


wj  is  zero  mean  white  noise,  covariance  Qq  ; 
V  is  zero  mean  white  noise,  covariance  R  . 

Qij  is  derived  from  Qq  by  the  formula 

.T 

Qd  =  ^  {”d”d)  =  J  ■•’(t)  Q(-‘J>^(t)dt  .  (3.24) 
0 


il>  and  A  are  derived  from  F  and  G  using  standard 
numerical  matrix  exponential  procedures.  T  is 
the  step  length.  The  covariance  of  the  discrete 
noise  R  is  taken  as  an  input  and  is  not  derived 
from  the  continuous  measurement  noise  Rq. 
Equations  (3.23)  are  put  into  standard  Kalman 
filter  form  in  two  steps.  First  Xp  is  substi¬ 
tuted  for  in  the  Zp  equation  by  means  of 
Eq.  (3  22),  leaving 


H2FXn+ 


H2GUn- 


^2‘^c" 


(3.25) 


Table  3-8 

TOYSAT  MODAL  FREQUENCIES,  DAMPINGS,  MODE 
SHAPES,  AND  INFLUENCE  COEFFICIENTS 

Uj  (Hz) 

s,  (%) 

(0) 

<!,•  te) 

Trans 

0. 

0.19 

70.0* 

1.0 

1.0 

3.24 

1 

0.98 

0.58 

0.0842 

-0.952 

4.21 

2 

9.06 

0.29 

0.0365 

0.365 

1.83 

3 

28.02 

0.54 

0.0210 

-0.229 

1.05 

4 

57.69 

0.74 

0.0147 

0.0164 

0.735 

5 

98.15 

0.1 

0.0113 

-0.128 

0.565 

6 

149.38 

0.1 

0.0092 

0.105 

0.460 

RT 

R.B. 

0.0 

•  0.0 

1.0  , 

72.0 

0.00712 

1 

2.64 

0.33 

0.252 

-0.471 

1.54 

2 

9.87 

0.30 

0.127 

0.335 

0.774 

3 

28.4 

0.54 

0.055 

-0.226 

0.335 

4 

57.94 

0.88 

0.033 

0.163 

0.201 

5 

98.33 

0.1 

0.022 

-0.127 

0.134 

6 

149.53 

0.1 

0.017 

0.104 

0.104 

Total  Mass  =  3.708  slugs 
Total  Inertia  =  140.47  in. 

-lb-s2 

*An  approximation  for  a  phenomenon  that  cannot 
be  accounted  for  by  modal  damping. 


Then  to  the  first  of  Eqs.  (3.23)  we  add  the 
identically  zero  quantity 

M^p  -  -  H^Fx^ 

,  (3.26) 

-  H^Gu^  -  H^w^  -  v} 

where  L  is  to  be  determined  later.  The  result 
is 

Vl  =  LHi  -  LH^F]  x^ 

+  [r  -  LH^G]  +  Lz^  (3.27) 


Equations  (3.25)  and  (3.27)  together  constitute 
the  usual  Kalman  filter  problem  if  L  is  chosen 
so  that  the  measurement  noise  (H2W(;  +  v)  and  the 
state  noise  (wd  -  LH2Wc  -  Lv)  are  uncorrelated. 
Equation  (3.28)  shows  the  choice  of  L  that  accom 
pi  ishes  this. 

L  = -^(T)  [H2Qj,H2^  +  RJ"^  (3.28) 
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Standard  optimal  techniques  may  now  be  used  to 
obtain  the  filter  gains  K.  The  resulting  filter 
has  the  form 

$  =  L'P-  (L  +  K)(H^  +  H2F)J 

"  (3.29) 

+  LT--  (L  +  K)  H^GJ  +  (L  +  K)  . 

.j)'  and  r*  shown  in  Eq.  (3.21)  are  just  the 
appropriate  coefficients  of  Xp  and  Up  from 
Eq.  (3.29). 

Control  Gains.  The  control  segment  of  the 
problem  is  specified  by 


1 

/ 


(t)  A  <I>  (t)  dt 


/!■ 


+  (t)  A 


{3.33b) 


r (t)}  dt  . (3.33c) 


Equations  (3.31)  and  (3.32)  specify  a  standard 
discrete  optimal  control  problem  that  is  easily 
solved  by  standard  methods.  The  resulting  gains 
C  are  those  implemented  in  the  controller  speci¬ 
fied  by  Eq.  (3.21) . 


X  =  Fx  +  Gu  (3.30) 

with  the  cost  functional 
00 

J  =  J  (x^Ax  +  u^Bu)dt 
0 


Evaluation  of  controller.  When  the  six-state 
controller  for  either  translation  or  rotation 
is  completed,  it  is  tested  on  an  augmented 
fourteen-state  evaluation  model.  The  eigen¬ 
values  of  the  six-state  controller  operatina  on 
the  fourteen-state  plant  are  investigated  for 
signs  of  spillover.  These  eigenvalues  are  those 
of  the  matrix  shown  in  Fig.  3-16.  The  super¬ 
scripts  14  in  this  figure  refer  to  the  four¬ 
teen-state  evaluation  model. 


Again,  as  with  the  filter,  this  problem  is  con¬ 
verted  to  a  discrete  problem 


$x„  +  ru 
n  n 


(3.31) 


but  now  the  cost  function  is  specified  by 


T 


T 


Rx, 


=  S  (x^QXp  -  u;  Su^  +  2  u;, 
n=l 


(3.32) 


where  the  weights  Q,  S,  R  Oi  the  discrete 
problem  are  given  by 


Q 


J  (t)  A  <i>(t)  dt 


(3.33a) 


Specific  Controls  Design.  The  actual  qain 
selection  procedure,  iTFe  the  theory,  divides 
into  separate  estimator  and  control  gains 
selections.  First  a  filter  was  designed  and 
tested  on  the  open-loop  system.  When  that  _ 
seemed  to  be  working,  the  loop  was  closed  with 
an  appropriate  set  of  control  gains. 

To  obtain  filter  gains,  the  parameters  to  be 
selected  were  the  continuous  state  noise 
covariance  matrix  (defined  in  Eq.  (3.22)) 
a  six-by-six  matrix  for  either  translation  or 
rotation,  and  the  state  noise  covariance  matrix 
R  (defined  in  Eq,  (3,23)),  a  two-by-two  matrix 
assumed  to  be  diagonal. 

The  approach  to  choosing  0^  and  R  was  to  pick 
Qr  so  as  to  maximize  the  separation  of  the 
estimator  poles.  When  done  correctly  this 
assures  that  the  separate  states  in  the  Kalman 
filter  contain  just  the  intended  modal  amplitude 


14 


r'^c 


(K  +  L)  [hJ^  +  F^^]  !  $  -  (K  +  L)  (Hj  +  F)  +  [r  -  (K  +  L)  Gl  C 

j  Mk^l)h1/g1^c 

I 

Fig.  3-16  Matrix  for  Eigenvalues  of  Six-State  Controller 
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and  very  little  of  the  others.  That  is,  Qc  is 
picked  to  minimize  cross-talk  between  modes  in 
the  Kalman  filter. 

Fiqure  3-17  shows  the  time  history  of  the  esti¬ 
mates  of  the  state  vector  for  a  good  choice  of 
Qr  The  specimen  had  been  excited  by  a  four- 
second  chirp  (a  fast  sine  sweep  varying  linearly 
in  frequency),  and  the  outputs  of  the  estimator 
were  recorded.  The  rigid-body  channels  contain 
all  the  low-frequency  movement,  while  the  modal 
channels  separate  the  remaining  frequencies 
nicely. 

The  measurement  covariance  matrix  R  was  chosen 
to  force  good  convergence  of  a  modal  recon¬ 
struction  of  the  measurements  with  the  actual 
measurements.  That  is,  individual  components 
of  R  are  increased  until  corresponding  compon¬ 
ents  of  Hx  converge  with  the  actual  measure¬ 
ments  fairly  quickly.  Figures  3-18  ^nd  3-19 
show  that  the  modal  reconstruction  of  the  rota¬ 
tional  displacement  and  tip  acceleration 
converge  quite  quickly  with  the  actual  measure¬ 
ments.  Again,  in  this  case  the  specimen  had 
been  perturbed  by  a  four-second  chirp  and  then 
allowed  to  settle. 


Once  a  filter  design  has  been  established,  the 
?“ectlon  of  C00t™l  gains  is  stra  ghtfor.ard. 
Since  there  was  no  obvious  physical  quantity 
sich  a'  a  line  of  sight  on  the  Toysat,  the  con¬ 
trol  weights  were  picked  to  give  ^^st  and 
roughly  equal  settling  times  for  all  modes.  The 
values  for  the  covariance  matrices  and  control 
weighting  matrices  which  generated  the  nominal 
controller  are  shown  in  Table  3-9  fnr  the 
translation  controller  and  in  Table  3-10  for  the 
rotation  controller.  Also  shown  are  the  result-' 
ing  filter  and  control  pole  locations. 

Tovsat  Experimental  Result^  The  hardware  tests 
of  the  controi  system  descTTbed  in  the  previous 
section  are  slight  variations  of  standard  modal 
identification  tests.  A  four-second  chirp  con¬ 
taining  frequencies  from  0  to  40  Hz  is  applied 
simultaneously  in  rotation  and  translation 
through  the  Electroseis  shakers.  This  open-loop 
command  is  superimposed  upon  any  feedback  com¬ 
mands  which  may  be  generated  by  the  control  law 
given  in  Eq.  (3.21).  The  open-loop  chirp  com¬ 
mand  is  also  communicated  to  the  estimator. 

Data  are  taken  for  twelve  seconds.  Since  the 
chirp  begins  sometime  in  the  first  second,  this 
allows  for  roughly  eight  seconds  of  data  after 
the  chirp  has  expired.  Data  saved  during 
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Fig.  3-17  Open-Loop  Kalman  Filter  Output  (Response  to  4-s  Chirp) 
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3.  TECHNICAL  ACTIVITIES 


3.5.1  TOYSAT  EXPERIMENT;  EXPERIMENTAL  RESULTS 


TIME  (s) 

Fig.  3-18  Measured  and  Predicted  Open-Loop  Central  Body  Rotation  (Response  to  4-s  Chirp) 


TIME  (s) 


Fig.  3-19  Measured  and  Predicted  Open-Loop  Rotational  Tip  Accelereration  (Response  to  4-s  Chirp) 


the  test  run  include  the  open-  and  closed-loop  Figures  3-20  through  3-25  illustrate  various 

control  commands,  all  four  measurements,  and  the  forms  of  results  from  the  control  system  test 
twelve  Kalman  filter  states  during  the  run.  described  in  Tables  3-9  and  3-10.  Figures  3-20 

Post-experiment  processing  allows  analysis  of  and  3-21  show  comparisons  of  the  four  measure- 

the  data  in  the  frequency  domain  as  well  as  in  ments  taken  during  two  separate  test  runs;  one 

the  time  domain.  without  controls,  and  one  with  the  control 


3.  TECHNICAL  ACTIVITIES 


3.5.1  TOYSAT  EXPERIMENT:  EXPERIMENTAL  RESULTS 


system  loop  closed.  The  closed-loop  data  show 
much  faster  settling  time  than  do  the  data  from 
the  open-loop  test.  Also,  peak  excursions 
during  the  chirp  excitation  are  considerably 
smaller.  Figure  3-22  shows  the  Kalman  filter 
states  during  the  closed-loop  test.  This  may 
be  compared  with  Fig.  3-17  which  describes  the 
same  states  during  the  open-loop  test. 

Figures  3-23  and  3-24  present  frequency  domain 
comparisons  of  open-  and  closed-loop  transfer 
functions  for  tip  accelerations  to  inputs 
through  the  central  shakers.  Figure  3-23  shows 
that  the  translation  controller  reduces  the 
response  of  the  first  two  bending  modes  (at  1 
and  9  Hz)  to  below  the  level  of  the  third  un¬ 
modeled  bending  mode  (28  Hz).  The  first  mode 
amplitude  is  reduced  by  a  factor  of  eight,  a 
number  which  is  proportional  to  the  increase  in 
damping.  The  damping  was  measured  by  fitting 
second  order  models  to  the  transfer  function. 
The  closed-loop  was  roughly  4  percent  for  the 
first  mode  (versus  0.29  percent  open-loop)  and 


11  percent  for  the  second  mode  (versus  0.54 
percent  open-loop).  For  the  rotation  control¬ 
ler,  the  first  and  second  modes  (2.6  and  9.8  Hz) 
were  also  reduced  below  the  level  of  the  third 
mode  (28  Hz).  Again,  the  ratio  of  the  reduced 
amplitude  was  proportional  to  the  increase  in 
damping.  The  first  mode  closed-loop  damping 
was  roughly  6  percent  (versus  0.33  percent 
open-loop),  and  the  second  mode  was  12  percent 
(versus  0.3  percent  open-loop). 

The  damping  measured  from  test  data  does  not 
exactly  agree  with  the  analytically  predicted 
pole  locations  shown  in  Tables  3-9  and  3-10. 

The  predictions  for  the  second  mode  behavior 
were  reasonably  close,  but  the  first  mode  pre¬ 
dictions  were  quite  inaccurate.  These  differ¬ 
ences  are  dramatically  illustrated  by  the  charts 
in  Fig.  3-25.  The  failure  of  the  first  mode  to 
behave  as  expected  may  almost  certainly  be 
attributed  to  poor  low-frequency  response  of 
the  Electroseis  actuators. 


FREQUENCY  (Hi) 


Fig.  3-23  Open-  and  Closed-Loop  Transfer  Functions;  Translational  Tip  Acceleration/ Input  Chirp 
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3.5.1  TOYSAT  EXPERIMENT;  EXPERIMENTAL  RESULTS 


FREQUENCY  (Hz) 


FREQUENCY  (Hz) 


Fig.  3-24  Open-  and  Closed-Loop  Transfer  Functions;  Rotational  Tip  Acceleration/ Input  Chirp 


ROTATION  CONTROLLER  (1/s)  TRANSLATION  CONTROLLER  (1/s) 

TEST:  A 

PREDICTION:o 

Fig.  3-25  Closed-Loop  Pole  Location;  Predicted  vs.  Test 
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3.  TECHNICAL  ACriVI ritS 


3.b.l  TOYSAF  EXPERIMENT:  EXPERIMENTAL  RESULTS 


Fijure  3-26  shows  the  result  of  a  deliberate 
attempt  to  provoke  the  phenomena  commonly  known 
as  spillover.  A  new  control  system  was  gener¬ 
ated  by  reducing  the  weight  on  the  translation 
control  by  a  factor  of  one  hundred  from  that 
given  in  Table  3-9.  The  analysis  predicted 
that  this  controller  would  cause  the  first 

CENTRAL  BODY  MOTION 
TIME  (5) 


unmodeled  mode  (at  29  Hz)  to  go  unstable.  Test 
results  given  in  Pig.  3-2b  demonstrate  that 
indeed  something  did  go  unstable.  The  fre¬ 
quency  domain  transfer  function  in  Fig.  3-27 
confirms  that  it  was  the  29-Hz  mode  which  domi¬ 
nated  the  instabi I i ty. 


TIP  ACCELERATION 
TIME  (s) 


Fig.  3-26  Measurements  for  Case  With  Provoked  Spillover 


FREQUENCY  (Hi) 


u 


Fig.  3-27  Transfer  Function;  Spillover  Case  Rotational  Tip  Acceleration/ Input  Chirp 
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3.  TECHNICAL  ACTIVITIES 


3.5.2  SLIM  BEAM  EXPERIMENT:  HARDWARE  MECHANIZATIONS 


3.5.2  Slim  Beam  Experiment 

Objectives .  The  main  objective  of  the  Slim 
Beam  experiment  is  the  verification  of  Low 
Authority  Control  (LAC)  theory  using  a  simple 
three-dimensional  structure.  The  main  features 
of  interest  are:  1)  comparison  between  predic¬ 
ted  and  actual  damping;  2)  effects  of  cross-axis 
coupling,  noncolocation,  and  nonconsistency  of 
sensors  and  actuators;  and  3)  robustness  of  the 
LAC  controller  under  significant  parameter  vari¬ 
ations.  A  secondary  (but  nonetheless  important) 
objective  of  this  experiment  is  the  demonstra¬ 
tion  of  the  use  of  proof-mass  actuators  for 
vibration  control.  Thus,  correct  modeling  and 
calibration  of  these  actuators  is  an  important 


part  of  this  experiment  and  a  determinant 
factor  in  its  success.  A  third  objective  of 
the  Slim  Beam  experiment  is  to  verify  the  LAC 
stability  theorem,  i.e.,  the  relationship 
between  the  internal  passive  damping  of  the 
actuator  and  the  maximum  achievable  active 
damping  in  the  structure.  The  first  two  objec¬ 
tives  of  this  experiment  have  been  achieved. 
However,  as  will  be  shown  later,  it  was  not 
possible  to  accomplish  the  third  objective  due 
to  certain  characteristics  of  the  experimental 
setup  and  the  particular  nature  of  the 
actuators . 

Hardware  Mechanizations.  The  structure  to  be 
controlled  is  a  5.3-ft  long  thin-wall  stainless 
steel  tube  (3/8  in.  OD,  10  mil  thick)  suspended 
vertically  by  string  and  spring  (Fig.  3-30). 
Rigid  mounting  pieces  are  attached  on  both  ends 
of  the  beam:  at  the  upper  end  an  aluminum 
cylinder,  at  the  lower  end,  a  square  aluminum 
plate.  The  suspension  string  is  attached 
directly  to  the  cylinder. 

The  sensing  system  consists  of  a  laser  attached 
to  the  cylinder  with  a  linear  photodetector  on 
its  side.  The  laser  beam  is  reflected  by  a 
small  mirror  mounted  on  top  of  the  square  plate. 
The  beam  hits  the  detector,  which  measures  the 
beam's  displacements  along  the  1-  and  2-  axes. 
Thus,  this  sensor  measures  the  difference 
between  the  rotations  of  the  plate  and  the  laser 
about  the  1-  and  2-axes.  However,  because  the 
laser  assembly  is  very  massive  (lead  weights 
were  added  to  balance  the  laser  and  increase  the 
rotational  inertia),  the  major  contribution 
comes  from  the  plate  rotations. 


In  addition,  two  Unholz-Dikie  accelerometers  are 
mounted  on  the  square  plate.  These  measure  ac¬ 
celeration  along  the  1-  and  2-axes  (Fig.  3-31). 

LIGHT  BEAMS 


FROM 

LASER 


TO 

DETECTOR 


SENSOR  NO.  3 


Fig.  3-31  Slim  Beam  Sensors/ Actuators 
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SIMULATION 


This  sensing  system  is,  to  the  first  order, 
insensitive  to  torsion  modes,  i.e.,  rotation  of 
the  beam  about  its  own  axis  (vertical  3-axis). 

Actuation  is  provided  by  two  PPM  actuators 
mounted  on  the  square  plate.  These  exert  reac¬ 
tion  forces  along  the  1-  and  2-axes  respec¬ 
tively.  In  addition,  a  third  PPM  actuator  is 
mounted  on  the  cylinder.  It  provides  excitation 
forces  in  both  the  1-  and  2-axes  directions. 

The  control  (LAC)  system  uses  analog  compensa¬ 
tors  connected  to  the  optical  (laser)  sensor  and 
the  two  bottom  actuators.  The  testing  system 
is  based  on  the  Vibration  Analysis  and 
Measurement  Program  (VAMP)  and  uses  the  top 
actuator  as  an  exciter  and  both  optical  and 
inertial  sensors.  In  this  way  the  beam  can  be 
tested  independently  of  the  control  system, 
both  in  open-  and  closed-loop  configurations. 
The  system's  overall  configuration  is  shown  in 
Fig.  3-32.  Figure  3-33  depicts  the 
compensation  circuits  of  the  LAC  system. 


Control  Synthesis/Simulation  Results.  In  order 
to  formulate  the  control  problem,  a  finite  ele¬ 
ment  model  of  the  slim  beam/ suspension  system 
was  created  as  shown  in  Fig.  3-34.  Base  plate 
and  laser  assembly  were  treated  as  lumped  nisss/ 
inertias,  but  massless  nodal  points  were  added 
to  the  model  (e.g.,  points  13,  16,  17,  18),  so 
that  actuator  and  sensor  influence  coefficients 
could  be  obtained. 
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Fig.  3-32  Slim  Beam  Experiment  Setup 


1  MOUNTING 

bracket 


ACCELEROMETER  N0.1 
AND  MIRROR  FOR 
OPTICAL  SENSORS  ^ 

AXIS  1 


WALL 


STRING  AND  SPRING 

2  SUSPENSION 

3  26 

EXCITER  (PPM) 

4 

5 

6 
7 


ACTUATOR  NO.  2  (PPM) 
ACTUATOR  NO.  1  (PPM) 


AXIS  2  ^  ACCELEROMETER  NO.  2 

Fiq.  3-34  Slim  Beam  Structural  Model 


opt 


=  2,65 

=  2.24 

=  682  (V/RAD) 


r 


-1, 


C^  =  1.04  G^  (AXIS  1) 
C^  =  0.88  G^  (AXIS  2) 


=  0. 124  (V/ms  ) 

=  1200 

Fig.  3-33  LAC  Control  Loop  Parameters 
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3.5.2  SLIM  BEAM  EXPERIMENT:  CONTROL  SYNTHESIS/ 
SIMULATION 


From  frequencies  and  mode  shapes,  the  system's 
F,  G,  D,  and  H  matrices  were  obtained.  They 
are  listed  in  Table  3-11.  The  system's 
equations  are: 


X  =  Fx  +  Gu  +  DUg 
y  =  Hx 


(3.33) 


Table  3-11 

SLIM  BEAM  SYSTEM  MATRICES 

•  • 

r 

15  30X30 

1 

1 

-9. 126-04 

1 

2 

-1.302-02 

2 

1 

1.000400 

3 

3 

-1.039-02 

i 

4 

-5.264400 

4 

3 

1.000400 

5 

5 

-1.042-02 

5 

6 

-5.302400 

6 

5 

1,000400 

7 

7 

-3.219-02 

7 

0 

-1.619401 

0 

7 

1.000400 

9 

9 

-3.219-02 

9 

10 

-1.619401 

10 

9 

1, 000400 

11 

11 

-1.005-01 

11 

12 

-1.579402 

12 

11 

1.000400 

13 

13 

-2.516-01 

13 

14 

-9.910402 

14 

13 

1.000400 

15 

15 

-2.909-01 

15 

16 

-1. 322403 

16 

15 

1.000400 

17 

17 

-3,025-01 

17 

10 

-1.430403 

10 

17 

1, 000400 

19 

19 

-6.774-01 

19 

20 

-7.170403 

20 

19 

1.000400 

21 

21 

-6.049-01 

21 

22 

-7.330403 

22 

21 

1.000400 

23 

23 

-1.466400 

23 

24 

-3.353404 

24 

23 

1.000400 

25 

25 

-1, 504400 

25 

26 

-3,536404 

26 

25 

1.000400 

27 

27 

-3,231400 

27 

2B 

-1.631405 

20 

27 

1.000400 

29 

29 

-3.244400 

29 

30 

-1,644405 

30 

29 

1.000400 

«« 

6 

15  30^  t 

1 

1 

9.626-05 

1 

2 

-7.301-06 

3, 

1 

1.705-01 

3, 

2 

7.077-01 

5 

1 

7.007-01 

5 

2 

-1.791-01 

7. 

1 

-3.909-01 

7, 

2 

3.245-02 

9 

1 

-3,4^17-02 

9 

-3.093-01 

11, 

1 

2.000-03 

11, 

2 

2.014-03 

13 

1 

-0.02C-03 

13 

2 

9.290-02 

15, 

1 

1.031-01 

15, 

2 

-1.105-02 

17 

1 

-5.976-0i 

17, 

2 

2.060-03 

19, 

-1.421-02 

19, 

2 

-9.909-03 

21 

1 

5.416-03 

21, 

2 

-2.519-02 

23. 

-5.702-02 

33, 

2 

-1.079-03 

25, 

1 

2.535-03 

25, 

2 

-5.150-02 

27, 

-5.326-02 

27, 

2 

-3.675-03 

29, 

1 

-4.051-03 

29, 

2 

5.213-02 

j»« 

H 

15  2X30 

1, 

1 

1.966-06 

1, 

3 

1.324-03 

1, 

5 

5.264-03 

1, 

7 

-2.203-02 

1, 

9 

-1.006-03 

1. 

11 

3.012-03 

1. 

13 

0.337-02 

1, 

15 

0.422-01 

1. 

17 

2.234-01 

1, 

19 

-7.303-01 

1, 

21 

2.619-01 

1. 

23 

1.045400 

1, 

25 

-4.599-02 

1, 

27 

3, 192-01 

1, 

29 

2.094-02 

2. 

1.750-06 

2, 

3 

-5.202-03 

2, 

5 

1.310-03 

2, 

7 

-1.026-03 

2, 

9 

2.100-02 

2, 

il 

3.009-04 

2, 

13 

-7.160-01 

2, 

15 

5.333-02 

2, 

17 

1.091-01 

2, 

19 

3.203-01 

2, 

21 

0.501-01 

2, 

23 

-4.105-02 

2, 

25 

-1.140400 

2, 

27 

•3.429-02 

2, 

29 

4.104-01 

«» 

0 

IS  30X  1 

1, 

-2.067-02 

3, 

5.311-02 

5, 

1.409-01 

7, 

2.992-01 

9, 

5.401-02 

11* 

-1.076-04 

13, 

9.401-03 

15, 

6.256-02 

17, 

3.249-02 

19. 

1.056-02 

21, 

-1.036-02 

23, 

5.951-03 

25, 

-2.245-03 

27, 

-5.711-04 

29, 

-1.313-03 

#8  5.82  Hz 


/ 

2^ 


#7  5.04  Hz 
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Fig.  3-35  Slim  Beam  Principal 


#9  6.02  Hz 


LAC  for  the  slim  beam  experiment,  the  angular 
sensor  truly  measures  angles  and  the  imple¬ 
mented  control  law  has  the  form  v  =  Ce,  where  v 
is  the  velocity  of  the  proof-mass  of  the  PPM 
actuator.  However,  this  form  of  control  is 
difficult  to  represent  in  the  state-space  formu¬ 
lation.  Therefore,  in  the  off-line  digital 
computational  model,  the  control  law  is  given 
the  equivalent  form  f  =  -C  (see  Section 
3.4.27*  where  f  is  the  force  applied  by  the  PPM 
actuator.  This  forms  the  basis  for  the  LAC 
gain  synthesis  computations.  Thus,  y]^  and 
y2  are  defined  as  angular  rates  rather  than 
angles.  Finally,  the  computation  of  the  G 
matrix  includes  both  force  and  torque  effects 
of  the  PPM  actuators,  using  the  model  described 
in  Section  3.4.2. 


The  term  x  is  the  vector  of  modal  amplitudes 
(and  their  time  derivatives).  Fifteen  modes 
were  generated  by  the  finite  element  program. 
Thus,  X  is  a  30-dimensional  vector  here.  The 
first  six  modes  are  suspension  and  pendulum 
type  modes  and  of  little  interest  for  the 
experiment.  The  next  three  modes  are  bending 
and  torsion  modes  and  have  been  studied  in 
detail  in  this  experiment.  Figure  3-35  shows 
the  corresponding  mode  shapes.  The  vector  u 
contains  the  inputs  to  the  two  PPM  actuators, 
while  Ug  is  the  input  to  the  exciter.  The 
measurement  vector  y  represents  the  time  rate 
of  change  of  the  two  angular  sensors'  outputs. 

Computation  of  the  H  matrix  involves  the  con-  ■ 
struction  of  the  difference  between  the  rotation 
angles  of  the  base  and  of  the  laser  for  the 
angular  sensor.  In  the  analog  mechanization  of 


The  LAC  control  law  has  the  form 

u  =  Cy  (3.34) 


where  C  is  diagonal.  The  relationship  between 
the  gains  C-j  and  the  electronic  compensator 
gains  is  described  in  Fig.  3-33. 

Forming  the  closed-loop  equations  from  Eqs. 
(3.33)  and  (3.34)  leads  to 

X  =  (F  +  GCH)x  +  DUg 

The  eigenvalues  of  (F+GCH)  are  the  closed-loop 
poles  of  the  LAC  system.  A  set  of  values  for 
the  C  matrix  was  chosen  and  the  coi^esponding 
poles  compu*'''d  for  later  comparison  with  the 
experimental  values. 
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3  S  2  SI  IM  BEAM  EXPERIMENT:  EXPERIMENTAL 
PERFORMANCE 


Experimental  Performance.  The  open-  and  closed- 
loop  eigenvalues  of  the  slim  beam  were  deter¬ 
mined  experimentally  using  the  full  set  of  sen¬ 
sors  and  the  VAMP  program.  The  VAMP  program 
provides  a  curve  fit  between  the  measured  trans¬ 
fer  functions  y/Ug  and  modal  analytical  expres¬ 
sions  of  the  form 

y  A.  +  B.o, 

•  ~2 - ^ - 7 — 

1  0).  2j?.j(i).jlD-ll) 

where  A,  and  Bi  are  complex  coefficients, 

(j-j  is  the  frequency  of  ith  mode,  and  ?-j  is  the 
mode's  damping  ratio  (j=^/^l). 

Table  3-12  shows  a  comparison  between  computed 
and  measured  open-loop  characteristics.  This 
comparison  shows  that  the  analytical  (finite 
element)  model  was  quite  accurate  in  predicting 
the  modal  frequencies.  However,  the  damping 
ratios  were  unknown  and  were  assumed  to  be  0.4 
percent.  Although  the  measurement  shows  some 
significant  departures  from  this  value,  the 
order  of  magnitude  is  in  the  expected  range. 


Table  3-12 

SLIM  BEAM  OPEN-LOOP  CHARACTERIZATION 


MODE  NO. 

PREQUENCIES 

DAMPING 

RATIOS 

COMPUTED 

MEASURED 

COMPUTED 

(ASSUMED) 

MEASURED 

RIGID 

'1 

0.02 

- 

a. 004 

- 

BODY/ 

2 

0.36 

- 

1  .09 

- 

SUSPENSION- 

3 

0.36 

“ 

’ij.004 

MODES 

4 

0.64 

- 

5.009 

- 

5 

0.64 

- 

0.004 

“ 

.6 

2.00 

2.00 

0.004 

- 

Y  BEND 

7 

5.00 

5.04 

0.004 

0.012 

X  BEND 

8 

5.78 

5.82 

0.004 

0.009 

TORSION 

9 

6.02 

6.06 

0.004 

0.003 

V  BEND  10 

13.48 

13.36 

0.004 

0.008 

X  BEND 

11 

13.63 

13.65 

0.004 

0.006 

Y  BENO 

'2 

29.  16 

- 

0.004 

- 

X  BEND 

3 

29.92 

29.53 

0,004 

0.003 

Y  BEND 

14 

64.28 

- 

0.004 

- 

X  BEND 

5 

64.52 

64.69 

0.004 

0.005 

For  the  closed-loop  tests,  various  combinations 
of  the  adjustable  gains  Gi  and  G2  were  used 
(see  Fig.  3-33),  corresponding  to  various 
feedback  gains  Ci  and  C2: 


The  combinations  tested  are  given  in  Table  3-13 
below. 


Table  3-13 

GAIN  COMBINATIONS  TESTED 

DATA 

POINT 

1 

2 

3 

4 

5 

6 

7 

a 

9 

10 

S 

0.0 

0.  0 

0.0 

1.0 

1.0 

1.5 

1.5 

2.0 

2.0 

4.39 

^2 

1.0 

1.5 

2.0 

0.0 

1.0 

0.0 

1.5 

0.0 

2.0 

3.30 

Figure  3-36  shows  the  comparison  between 
predicted  and  measured  frequencies,  and  Fig. 
3-37  compares  predicted  and  measured  damping 
ratios.  The  vertical  arrows  in  these  two 
figures  indicate  the  effect  of  changes  in  the 
plant  parameters  which  will  be  discussed 
later.  Mode  No.  9,  which  is  almost  a  pure 
torsion,  is  poorly  controlled  as  expected. 

The  last  data  point  (No. 10)  was  obtained  by 
increasing  Gi  and  G2  until  the  system 
became  unstable,  then  backing  off  just  enough 
to  recover  stability.  Thus,  the  values  of  G^ 
and  G2  shown  in  Table  3-13  for  this  data 
point  are  the  maximum  achievable  gains  in  the 
LAC  system.  To  these  gains  correspond  maximum 
achievable  damping  ratios  in  the  modes  studied. 


FREQUENCY  (Hz) 

MODE  8  1  MODE  7 


MODE  9 
-  PREDICTED 
X  MEASURED 

xxxxxxxxxxl 


XXXxx^X^X' 


|xX_XXxxX_j^| 
X' 


23456789  01 123456789  oil  234567890 
DATA  POINT  NUMBER 


Cl  =  1.04  Gi 
C2  =  0.88  G2 


Fig.  3-36  Slim  Beam  Experimental  versus 
Theoretical  Results 
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Fig.  3-37  Slim  Beam  Experimental  versus 
Theoretical  Results 


The  existence  of  a  gain  limit  with  the  LAC 
system  was  expected  from  the  stability  theorem^ 
shown  in  Section  4,3.1.  However,  in  this  partic¬ 
ular  case  another  phenomenon  was  involved  that 
prevented  the  experimental  verification  of  the 
theorem  by  creating  a  much  more  severe  stability 
problem.  This  phenomenon  is  the  nonco'iocation 
and  nonconsistency  of  the  sensors  and  actuators. 

Colocation  implies  that  sensing  and  actuation 
are  performed  at  the  same  location  on  the 
structure.  This  was  not  the  case,  since  the 
sensor  output  corresponding  to  the  ith  axis 
(i  =  1,2)  was 

yi  = 

where  sj  was  the  rotation  angle  about  the 
perpendicular  axis  at  the  actuator  location,, 
but  Yi  was  the  rotation  at  the  laser 
location.  The  LAC  control  law  was  thus 

f,  .  -  c,  (ij.  -  ;j)  . 


3  5,2  SLIM  BEAM  EXPERIMENT:  EXPERIMENTAL 
PERFORMANCE 


The  term  ri,  though  much  smaller  than  ej  because 
of  the  large  inertia  associated  with  the  laser 
system,  introduces  a  colocation  error.  Moreover, 
instead  of  a  displacement  xi,  an  angle  is 
measured,  violating  the  consistency  requirement 
(displacement/force,  rotation/torque) .  Although 
e-j  and  Xi  are  proportional  and  of  the  same  sign 
for  the  low-frequency  modes,  at  some  higher  fre¬ 
quencies  they  become  of  opposite  sign,  thus 
leading  to  instability.  However,  such  instabil¬ 
ity  is  predictable  by  the  LAC  theory  using  the 
fundamental  LAC  formula  (see  Section  4,3.1) 

^^n  “n  "  ^  ''ar  ^an  ^rn 

ai 

The  following  expressions  for  the  damping 
ratios  of  modes  7  and  8  (i.e.,  the  first  two 
bending  modes  studied)  and  modes  12  and  13 
(higher  frequency  bending  modes  which  went 
unstable)  were  obtained: 

Mode 


No. 

7 

Froquoncy 

S.OO  Hz 

Jf,  u.,  “ 

-  O.OlTc^ 

-  3.37  Cj  - 

kD 

^ - 

8 

5.7B  Hi 

’'e  '"e  ” 

+  11.53  C, 

-  0.036  Cj 

- © 

}7 

29. H  Hz 

-  1.6  C,  + 

0.007  Cj 

13 

79.93  Hi 

-  0.003  C, 

+  11.34  C,  -m - 

Two  phenomena  can  be  seen  in  these  expressions. 
First,  as  emphasized  by  arrows  (1),  a  small 
cross-axis  coupling  exists  due  to  the  fact  that 
the  actuators  are  not  exactly  in  the  planes  of 
the  bending  modes.  Thus  actuator  No.  1,  which 
controls  mostly  the  1-axis  where  mode  8  is  the 
most  active,  also  has  some  effect  on  mode_7  (as 
shown  by  the  negative  coefficient  -0.016  in 
front  of  Cl),  fhis  has  a  destabilizing 
effect.  However,  the  existence  of  the  second 
actuator  with  the  gain  C^  is  enough  to 
override  this  instability. 

The  more  important  problem  is  the  noncolocation/ 
nonconsistency  effect  which  is  shown  by  arrows 
(2).  When  C^  is  chosen  with  a  sign  compatible 
with  a  stable  root  (here  must  be  negative 
to  ensure  a  positive  damping  ratio  Ey),  it 
has  the  wrong  sign  for  mode  13.  (See  Table 
3-12  for  ordering  of  modes.)  The  same  can  be 
seen  of  the  gain  Ci,  which  must  be  positive 
to  ensure  stability  of  mode  8,  but  then 
destabilizes  mode  12.  Assuming  that  there 
already  exists  some  (natural)  damping  in  modes 
12  and  13,  it  is  possible  to  use  the  above  set 
•of  equations  to  determine  the  maximum  values 
for  Cl  and  C^  and  thus  for  Ey  and  Eg.  The 
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values  obtained  are  as  follows  where  £12  ^13 

represent  existing  natural  damping: 

£7  <  4.6  £13 

£8  <  15  £12 


The  open-loop  damping  in  modes  12  and  13  was 
thus  measured  and  found  to  be  about  1.6  percent. 
The  following  set  of  values  summarizes  the 
agreement  between  the  predicted  and  experimen¬ 
tal  measurements: 


G2 

^7 

^8 

Predicted 

3.52 

1.57 

7.4 

23 

Measured 

4.39 

3.3 

29 

18 

It  is  believed  that  mode  shape  inaccuracies  are 
responsible  for  the  numerical  discrepancies 
observed,  since  these  numbers  are  particularly 
sensitive  to  the  values  in  the  H  and  G  matrices, 
which  are  basically  constructed  with  the  normal¬ 
ized  mode  shapes. 

The  LAC  control  loop  was  implemented  with  a 
first  order  roll-off  at  70  Hz  in  the  hope  of 
observing  the  instability  predicted  by  the 
theorem.  Because  of  the  colocation/  consistency 
effect,  instability  was  observed  at  about  30  Hz. 
Attempts  to  roll-off  the  controller  around  30  Hz 
did  not  change  the  results  significantly. 

Finally,  a  robustness  test  was  made  by  simply 
attaching  an  80-g  lead  mass  near  the  middle  of 
the  beam.  Figure  3-38  shows  the  spectra  of 
excitation  and  sensor  responses  in  nominal  and 
perturbed  cases.  This  perturbation  does  not 
affect  the  6-Hz  mode  (torsion)  but  affects  the 
first  two  bending  modes  quite  strongly.  How¬ 
ever,  the  system  remains  very  stable.  Figure 
3-39  shows  how  the  frequency  response  was  fitted 
by  VAMP  to  obtain  the  perturbed  frequencies  and 
dampings.  The  effect  of  the  perturbation  is 
displayed  in  Figs.  3-36  and  3-37  by  the  arrow 
showing  the  corresponding  changes  in  damping 
and  frequencies. 

3.5.3  Circular  Plate 

Objectives.  The  main  objective  of  this  experi- 
ment  is  the  demonstration  and  verification  of 
digital  optimal  control  strategies  applied  to  a 


Fig.  3-38  Parameter  Variation  Study: 
Power  Spectra 

PERFORMANCE  UNDER  THE  VARIATION 
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Fig.  3-39  Parameter  Variation  Study; 
Modal  Identification  by  Curve  Fitting 
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specimen  with  more  realistic  spacecraft-like 
features,  e,g,,  free  body  in  space,  dense  spec¬ 
trum  of  vibratory  modes,  very  low  natural 
damping,  etc.  The  main  features  of  interest 
are:  1)  design,  implementation,  and  modeling 
of  the  specimen;  2)  synthesis,  implementation, 
and  testing  of  various  optimal  digital  control¬ 
lers  (HAC)  to  control  both  rigid  body  (attitude) 
and  a  certain  number  of  flexible  modes;  and 
3)  study  of  the  HAC  spillover  problem  and  its 
cure  by  adjoining  an  LAC  system. 


PPM  ACTUATORS  (FRONT  SIDE  OF  PLATE) 
AND  ACCELEROMETERS  (BACK  SIDE) 


Fig,  3-40  Circular  Plate  Experimental  Set-Up 


3,5.3  CIRCULAR  PLATE:  HARDWARE  MECHANIZATIONS 


A  secondary  objective  is  the  testing  of  methods 
for  incorporation  of  velocity-controlled  PPM 
actuators  in  optimal  controller  mechanizations. 
Most  of  the  objectives  were  accomplished,  except 
for  the  actual  testing  of  the  digital  control¬ 
ler.  This  was  not  performed  due  to  persistent 
microprocessor  hardware  failures.  However, 
these  failure  problems  have  since  been  solved 
and  understood  and  have  provided  valuable 
information  for  future  digital  mechanizations. 

Hardware  Mechanizations.  The  structure  to  be 
controlled  is  a  flat  circular  aluminum  plate  of 
1.2-m  diameter  and  1/8-in.  thickness.  It  is 
suspended  vertically  by  two  spring  and  string 
systems  attached  near  its  center  (Fig.  3-40). 
This  device  provides  nearly  unrestrained  condi¬ 
tions  for  the  plate,  with  the  rigid  body  modes 
being  below  1  Hz,  while  the  first  bending 
occurs  at  about  19  Hz.  The  lead  masses  in 
series  with  the  suspension  springs  provide  an 
additional  attenuation  of  the  vibrations  trans¬ 
mitted  to  the  plate  by  the  laboratory  wall. 

The  use  of  nylon  strings  also  helps  to  reduce 
vibration  transmission.  A  picture  of  this 
system  is  shown  in  Detail  A  of  Fig.  3-40. 

The  ma’n  sensing  system  is  provided  by  optical 
sensors.  Two  flat  mirrors  are  mounted  on  the 
plate  and  reflect  the  light  beams  of  a  fixed- 
based  laser  and  two-axis  detector  system  (Fig. 
3-41). 


0»T)O  TAtil 


Fig.  3-41  Circular  Plate  Optical  Sensing  System 

Each  detector  measures  the  displacement  of  the 
spot  in  the  x'  and  y'  direction  (the  axes  (x', 
y')  are  rotated  45  deg  from  the  plate  (x,y) 
axes).  Thus  each  detector  measures  the 
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rotations  about  fbe  y'  and  x'  axes  of  the 
corresponding  mirror  on  the  plate  .  If  d  is 
the  distance  from  the  plate  to  the  detectors, 
the  spot  displacement  x  is  related  to  the 
plate  rotation  0  by: 

X  =  2d  0 

With  a  detector  sensitivity  of  14  V/cm,  and  d  = 
16.5  ft,  the  sensor  sensitivity  is  then 

V/0  =  14.1  X  in3  V/rad 

or  V/0  =  14  mV/yrad 

Since  the  detector  noise  is  less  than  ImV  p/p, 
this  optical  sensor  is  potentially  capable  of 
measuring  pointing  errors  as  small  as  100  nrad. 

In  addition  to  this  sensor,  accelerometers  are 
mounted  directly  on  the  back  side  of  the  plate 
(see  Fig.  3-40).  They  provide  measurements  of 
the  local  velocity  along  the  z-axis  when  used 
in  conjunction  with  an  integrating  network.  A 
photograph  of  the  experiment  is  shown  in  Fig. 
3-42. 


Fig.  3-42  Photograph  of  Circular  Plate  Experiment 


Actuation  is  provided  by  two  sets  of  actua¬ 
tors.  The  first  set  consists  of  two  contact¬ 
less  actuators  (see  Section  3.4.2)  mounted  on 
the  edge  of  the  plate  (Fig.  3-40).  These 
actuators  provide  forces  along  the  z-axis  and 
constitute  the  main  attitude  (pointing)  control 
system,  since  they  can  operate  at  DC  levels. 

The  second  set  of  actuators  consists  of  two 
velocity-controlled  PPM  actuators  located  on 
the  lower  part  of  the  plate  (Fig.  3-40).  These 
actuators  can  only  operate  in  AC  conditions  and 
thus  can  only  provide  vibration  control.  For 
optimal  control  mechanizations,  it  is  necessary 
to  make  these  actuators  behave  like  force 
actuators,  i.e.,  a  control  input  u  should 
corrGspond  to  a  forcG  and  not  to  a  iinGar 
momentum  as  is  the  case  when  the  PPM  has  the 
velocity  servo-loop  wrapped  around  it.  This  is 
realized  by  the  compensating  circuit  shown  in 
Fig.  3-43. 

A  general  schematic  of  the  actuator/sensor 
system  is  shown  in  Fig.  3-44.  This  arrangement 
of  actuators  and  sensors  is  basically  colocated. 
However,  the  actuators  and  sensors  are  not  con¬ 
sistent,  and  for  HAC  application  each  sensor 
will  feed  back  to  all  actuators  via  the  Kalman 
filter.  Thus,  colocation  is  in  effect  lost. 


The  overall  system  configuration  for  this  ex¬ 
periment  is  shown  in  Fig.  3-45.  Two  micropro¬ 
cessors  are  involved.  The  STI/DEC  11-23  system 
is  the  host  processor  which  handles  the  data 
acquisition  system  (for  open-  and  closed-loop 
characterization)  and  sets  up  the  other  proces¬ 
sor,  the  CSPl  MAP  300  array  processor  in  which 

■1  _ ■»i«rtmar'ham’ToH 


This  array  processor  has  its  own  D/A  and  A/D 
converters  and  is  thus  autonomous,  which  allows 
it  to  process  a  large  amount  of  data  atrela- 
tively  high  sampl iny  rates .  Control  gains  com¬ 
puted  off-line  by  large-scale  programs  residing 
in  the  UNIVAC  1110  are  directly  transferred  to 


•for  optimal  control  designs  actuators  circuit  modified  to  mimic  force  ACnJ^RS 
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Fig,  3-44  Sensor  and  Actuator  Type  and  Location  for  Circular  Plate  Experiment 
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Fig.  3-45  Overall  System  Configuration 
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CONTROL  SYNTHESIS/ 


the  11-P3  and  then  loaded  into  the  array  pro¬ 
cessor.  Sensor  signals,  control  inputs,  and 
state  estimates  computed  by  the  array  processor 
can  be  stored  on  disk  for  later  processing  by 
the  11-23.  A  more  detailed  structure  of  the 
system  is  shown  in  Fig.  3-46,  and  a  summary  of 
the  system's  capabilities  is  given  in  Table 
3-14.  More  specific  characteristics  of  the 
array  processor  will  be  discussed  later  in  this 
section. 

Control  Synthesis/Simulation  Results 

Finite  Element  Model.  The  plate  finite  ele- 
ment  model  was  created  using  the  SPAR  program. 

It  consists  of  120  plate  elements  of  triangular 
and  trapezoidal  shapes,  since  SPAR  can  handle 
this  type  of  element  (See  Fig.  3-47).  The 
boundary  conditions  were  treated  as  unrestrained 
because  the  interaction  with  the  suspension  sys- 

was  found  to  be  negligible.  A  first  test 
was  made  to  determine  the  accuracy  of  the  model 
by  comparing  the  computed  modal  frequencies 
with  those  obtained  directly  from  analytical 
formulas.  The  agreement  was  good  to  three-digit 
accuracy  for  the  first  seven  modes.  The  masses 
of  the  actuators  and  accelerometers  were  then 
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Table  3-14 

ACOSS  SYSTEM  CAPABILITIES 


ARRAY  PROCESSOR 
Analog  Input  (ADC) 

12  Bit 
±  lOV  F.S. 

8  Channels 

31  K  Samples/Channel/Second  Max  (252  K 
Throughput) 

Analog  Output  (DAC) 

12  Bit 
±  lOV  F.S. 

4  Channels 

64  K  Samples/Channel/Second  Max  (256  K 
Throughput ) 

HOST  CPU 

Analog  Input  (ADC) 

12  Bit 
±  lOV  F.S. 

16  Channels 

4  K  Samples/Channel/Second  Max  (64  K 
Throughput) 

Analog  Output  (DAC) 

12  Bit 
±  lOV  F.S. 

2  Channels 

loo  K  Samples/Channel/Second  Max  (200  K 
Throughput) 
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Fig.  3-46  ACOSS  System 
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added  to  the  finite  element  model.  The  effect 
of  these  masses  is  to  break  the  symmetry  of  the 
plate  and  cause  the  double  roots  to  split, 
since  the  horizontal  and  vertical  axes  are  no 
longer  equivalent.  The  mode  shape  patterns 
associated  with  the  first  11  bending  modes  of 
the  plate  are  shown  in  Fig.  3-48.  Table  3-15 
shows  a  comparison  between  the  modal  frequen¬ 
cies  of  a  uniform  circular  plate  and  those 
corresponding  to  the  plate  with  actuator  masses. 

Control  Synthesis  Model.  From  the  SPAR 
finite  element  model,  system  matrices  were 
generated  corresponding  to  the  usual  state 
equations 


CEM:  CONTACTLESS  ELECTROMAGNETIC 
PPM!  PIVOT  PROFF-MASS 

Fig.  3-47  Finite-Element  Grid  for  60-cm 
Radius  Plate  Experiment 
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Fig.  3-48  Modal  Frequencies  (Hz)  and  Patterns  of  the  Circular  Plate  Experiment 
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3.5.3  CIRCULAR  PLATE:  CONTROL  SYNTHESIS/ 
SIMULATION 


Table  3-15 

CIRCULAR  PLATE  FREQUENCIES  (Hz) 

UNIFORM  PLATE  WITH 

MASSES  ADDED 

16.9 

15.54 

16.9 

16.82 

29.3 

28.14 

39.4 

36.45 

39.4 

38.80 

66.1 

59.92 

66.1 

64.23 

69.3 

67.56 

69.3 

68.51 

106.4 

97.18 

106.4 

105.68 

where  x  is  the  vector  of  modal  coordinates  and 
their  derivatives,  with  the  added  attitude 
variables: 


^  ‘’l  '’l  '’2  “^2 


q  q 
^n  ^n-' 


The  initial  model  includes  five  flexible  modes 
and  two  rigid-body  modes.  Thus,  a  14th-order 
model  is  obtained.  The  control  vector  u  is  4  x 
1,  and  the  measurement  vector  y  is  6  x  1.  Their 
components  are  shown  in  Table  3-16. 


Table  3-16 

CONTROL  AND  MEASUREMENT  VECTOR 

DEFINITION 

CONTROL 

VECTOR: 

Actuator 

Number 

Type 

Action 

ui 

1 

PPM 

z- force 

U2 

2 

PPM 

z-force 

U3 

3 

Contactless 

z-force 

U4 

4 

Contactless 

z-force 

MEASUREMENT  VECTOR: 

Sensor 

Number 

Type 

Sensed 

Quantity 

yi 

1 

Accelerometer 

z 

y2 

2 

Accelerometer 

z 

ys 

3 

Optical 

By  ' 

y4 

3 

Optical 

Ox' 

y5 

4 

Qy  ' 

y6 

4 

Ox  ' 

In  order  to  be  able  to  use  the  PPM  actuators  in 
an  integrated  attitude/vibration  control  scheme, 
saturation  from  DC  inputs  must  be  avoided.  To 
do  so,  the  actuators  are  AC-coupled  electroni¬ 
cally,  and  it  is  important  that  this  coupling 
be  included  in  the  controller  synthesis.  One 
way  of  achieving  this  is  to  use  the  frequency¬ 
shaping  method  for  the  control  effort.  The 
idea  is  to  put  a  heavy  penalty  at  zero  frequency 
on  the  control  inputs  of  the  PPMs.  Thus,  the 
cost  functional  used  for  synthesizing  the 
optimal  controller  is  of  the  form: 

uO 

j  =  I  {x"*^Ax  +  u"*^  B^u^  +  u^  B„u„)  dt 

J  ^  CCC  ppp' 

0 

where  u^  and  Up  are  the  control  inputs  for  the 
contactless  and  PPM  actuators  respectively.  The 
frequency-dependent  weight  Bp  is  then  chosen 
to  be  of  the  form: 


To  implement  this  frequency  shaping,  Eqs.  (3.35) 
must  be  augmented  with  the  equations: 


Xi6  =  U2 

Thus,  the  final  model  for  control  synthesis  has 
the  same  form  as  Eq.  (3.35),  but  the  state  vec¬ 
tor  now  has  16  components,  and  the  F,  G,  and  H 
matrix  dimensions  are  changed  correspondingly. 
Entries  for  these  matrices  are  shown  in  Table 
3-17. 


CONTROL 

Table  3-17 
SYNTHESIS  MODEL 

FOR  THE 

PLATE 

•  ♦  F 

1  L  It'  16 

I.  2 

-a.  4‘?r*('0 

c'f  1  l.OOU+L'O 

3.  4 

-a. 274*00 

4. 

3 

1 . 000*00 

«.  e. 

-1  . 

6  -1.  337*04 

T.  5 

1 . 000*I.'0 

7i 

7 

-1.200*00 

r- 

-1.44I.I+LI4 

:3»  7  l,0O0*0U 

'3f  9 

-1 . 014*110 

9. 

10 

-a.  85.7*04 

io»  •? 

1,  UM('*Cn.l 

11.11  -4.''->l3*o0 

11. la 

-6.  U  ::5*  04 

12. 

11 

1 . 000*1.10 

-a. i^a-oi 

13.14  -7.  Mi5*04 

14.13 

1. 000*00 

15. 

15 

-1 . 000-03 

ie>  16 

-a. 000-03 

♦  ♦  6 

15  16>:  4 

If  1 

-y,  ot-9-oi 

1.  a  -3. 069-01 

If  3 

a. 977-01 

It 

4 

a. 977-01 

3*  1 

a.*>a3-oi 

3.  a  -a.?a3-oi 

3.  3 

a, 956-01 

5f 

4 

-a. 956-01 

I 

oa-oi 

5f  a  -9.3'<a-oi 

5.  3 

-5.732-01 

5. 

4 

5.  732-01 

1 

1 .4r4-01 

7.  a  1.474-01 

7.  3 

1 . 149-Oe 

7. 

4 

1. 148- oa 

9*  1 

3.636-01 

9.  a  ?.b:i6-ui 

9.  3 

3.  rao-oi 

Q, 

4 

3.  780-01 

1  If*  1 

4, ?3a-oi 

11.  a  -4,731-01 

Ilf  3 

5.253-01 

11. 

4 

-5.255-01 

13*  1 

-a,a53-oi 

13.  a  -a.aM-oi 

13.  3 

4.869-01 

13. 

4 

4. 867-01 

1 

1. 000*00 

16.  a  1.000*00 

♦  ♦  H 

IS  6X16 

1*  1 

-4.&76-01 

1.  3  3.64a-01 

If  5 

5.302-01 

1. 

7 

1.474-01 

l»  9 

3.636-01 

l.ll  4.7?a-01 

1.13 

-a. 253- 01 

a. 

1 

-4.576-01 

3 

-3.64a-'.il 

a»  5  -?.3oa-oi 

a.  7 

1. 474-01 

a. 

q 

3.636-01 

df  11 

-4. 731-01 

a.  13  -a.a54-oi 

3.  a 

-7. 071-01 

3. 

4 

7. 071-01 

3»  6 

-1 . u^9-ua 

3.  8  -a.U31-0l 

3.  1  0 

-4. 389-03 

3 

la 

-a. 018-01 

3f  14 

a.a44-ni 

4.  a  7.U71-01 

4f  4 

7.  071-01 

4 

6 

-1.494-01 

4t  8 

4.308-03 

4.10  1.803-01 

4.  la 

1.857-01 

4f 

14 

1.828-01 

a 

-7.  071-01 

5f  4  7.  071-01 

5.  6 

-1.494-01 

5 

8 

-4.805-03 

^•10 

-1.803-01 

5.  la  1.857-01 

5.14 

-1.888-01 

6i 

a 

7.071-01 

Cf  4 

7.  071-01 

6*  6  -1 . 058- oa 

6f  8 

a. 031-01 

6 

10 

4.408-03 

6f  la 

-a, 017-01 

6. 14  -a. 244-01 
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The  next  step  is  to  transform  the  continuous 
equations  Eq.  (3.35)  into  discrete  equations  of 
the  form 


Xn+1  =  ‘^’o  xn  +  To  Up 
yn  =  Hq  Xp 


(3.37) 


The  state  estimator  has  the  form 


Xp+1  =  ‘I’o  xp  +  To  Up 


+  K  (yp  -  Ho  Xp) 
and  the  control  law  is 


(3.38) 


A 

=  C  Xp 


(3.39) 


he  values  of  the  gain  matrices  C  and  K  are 
)btained  by  standard  optimal  control  synthesis 
irograms.  Equations  (3.38)  and  (3.39)  consti- 
;ute  the  controller  aquations  and  can  be 
•ewritten  in  the  single  matrix  operation  form 


where 


<A  ^ 


[xn] 

Xn+1 

=  J 

Un 

Un+1 

u 

LynJ 

4>o  - 

(  Ho  1 

r 

1  K 

1 

1 

C  (4>o 

-  K  Ho)  1 

cr 

1 

1  CK  _ 

(3.40) 


(3.41) 


Simulations.  The  dynamics  of  the  total 
system  are  evaluated  by  combining  the  plate 
evaluation  model,  which  contains  two  rigid  body 
modes,  11  flexible  modes,  and  the  controller 
equations.  The  evaluation  model  must  first  be 
translated  into  its  discrete  equivalent 


Xp+i  =  4>xp  +  rup 
yp  =  H  Xp 


(3.42) 


Then  Eqs.  (3.42),  (3.38),  and  (3.39)  are  com¬ 
bined  into  the  single  equation 


"Xn+r 

Xpl 

A 

Lxn+lJ 

=  s 

1 - 

x> 

3 

1 _ 

+  DUp 


(3.43) 


3.5.3  CIRCULAR  PLATF : 


EXPERIMENTAL  PEREflRMANCE 


where 


S  = 


p 

1 

“ 

*I> 

1  rc 

1 

KH 

1 

1  4-0  +  ToC  -  KHq 

1 

(3.44) 


and  0  is  a  matrix  corresponding  to  external 
disturbance  inputs. 


Stability  may  be  determined  by  the  roots  of  S 
(in  the  z-plane)  and  performance  by  computino 
the  time  sequences  defined  by  Eq.  (3.43)  for 
given  initial  conditions  or  for  a  given  dis¬ 
turbance  Ug.  An  example  of  such  a  simulation 
(for  initial  conditions  corresponding  to  a  unit 
value  in  all  modal  amplitudes)  is  shown  in 
Appendix  A. 


Experimental  Performance. 

Open-Loop  Characterization.  The  open-loop 
characteristics  ot  the  data  were  determined 
using  the  VAMP  program.  The  data  were  generated 
by  exciting  one  of  the  contactless  actuators 
with  a  chirp  and  observing  the  signals  from 
optical  and  inertial  sensors.  (A  chirp  is  a 
fast  sine  sweep  varying  linearly  in  frequency.) 
figure  3-49  shows  the  resulting  spectrum  corre- 
spond-ng  to  the  velocity  sensor  no.  2  (i.e., 
integrated  signal  from  accelerometer  no.  2). 
Several  peaks  corresponding  to  various  bending 
modes  can  be  seen.  The  first  mode  at  9.8  Hz  is 
identified  as  a  spurious  resonance  in  the  sus¬ 
pension  system.  A  comparison  between  computed 
and  measured  frequencies  and  dampings  is  shown 
in  Table  3-18.  Two  interesting  phenomena  can 
be  observed:  first,  the  agreement  becomes  very 
poor  as  frequency  goes  up;  and  second,  the  nat¬ 
ural  damping  is  extremely  small.  These  two 


MDDHL  FREQUENCIES  < HZ > 

Eig.  3-49  VAMP  Spectral  Analysis: 
Open-Loop  Response 
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EXPERIMENTAL  PERFORMANCE 


3.  TECHNICAL  ACTIVITIES 


3.E.3  CIRCULAR  PLATE: 


Table  3-18 

FIRST  OPEN-LOOP  CHARACTERIZATI 

ON 

MODAL  FREQULNCItS  (Hi)| 

DAMPING  RA 

nos 

(COMPUTED) 

(MLASURLD) 

RELATIVE 

CON  TROLLAIilLI  TY 
(COMPUTED) 

(MLASURi.D) 

0 

.!» 

-  . 

- “ 

0 

.  4 

17.6 

15 

0, 0003 

CONTROLLER 

A 

16.8 

18,  6 

MODEL 

5 

28.1 

29.3 

4 

0.0013 

6 

36.5 

40. 1 

5 

0.0004 

7 

38.8 

49,  9 

— 

8 

59.9 

59,  6 

- 

6M.  2 

64,  0 

lUNCONTROLLEOf 

10 

67,5 

69.  4 

MOOES 

11 

68.5 

80.  2 

12 

97.2 

89.9 

- 

13 

105,  7 

108.5 

Features  are  typical  of  large  space  structures 
and  justify  the  use  of  this  particular  test 
structure  for  vibration  control  studies. 


The  open-loop  measurements  were  initially 
hampered  by  environmental  disturbances  acting 
on  the  plate  -  mainly  air  currents  preventing 
the  plate  from  remaining  pointed  at  theoptical 
sensors.  This  was  solved  by  the  magnetic 
stabilization  (described  in  Section  3,4.2)  and 
by  enclosing  the  plate  in  a  cabinet  with  a 
plexiglass  window.  Also,  an  analog  rigid-body 
controller  was  designed  to  keep  the  plate 
correctly  pointed. 


Although  the  main  purpose  of  the  experiment  was 
the  study  of  digital  control,  this  analog  (and 
classical)  controller  was  useful  in  demonstra¬ 
ting  two  main  points  of  the  theory  ofLSS  con¬ 
trol;  1)  the  interaction  between  rigid-body 


HAC  /  LAC 


♦♦ftDDTS  DF  S 
PIDPE  IMD  FPECiUEhCV 
I  I  3.346D-01 

a  1  5.384?'-01 

3  I 

4  1  1.9532*00 

5  1  1.3499*01 

1  1,6917*01. 

7  1  2.0122*01 

0  1  3.6435*01 

9  1  3,0605*01 
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1 

/ 
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□  F  S 

1 

I 

hDPE 

IMP 

FPEOUEMf 

DflnPING 
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1 
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.723269 

1 

2 

1 

5.4391-01 
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1 

3 

1 
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1 

4 

1 
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Fig.  3-50  Stabilization  of  Rigid-Body 
Controller  (HAC)  by  LAC  Controller 


control  and  flexible  modes;  and  2)  the  stabili¬ 
zation  of  the  spillover  by  an  LAC  system. 

Indeed,  though  this  analog  controller  had  a 
bandwidth  of  about  2  Hz,  it  was  able  to  destabi¬ 
lize  the  first  bending  mode  at  17.fi  Hz.^  This 
was  the  result  of  the  low  damping  in  this  mode 
preventing  gain  stabilization  of  the  controller. 
This  problem  was  cured  by  closing  the  inner 
velocity  servoloop  on  the  PPM  actuators.  This 
closure  makes  the  actuators  behave  as  passive 
mass/dashpot  systems.  Although  such  systems  do 
not  introduce  much  damping  in  the  structure 
unless  specifically  tuned,  their  effect  is^ 
sufficient  to  stabilize  the  controller.  Simu¬ 
lations  of  this  result  were  made  and  are  dis¬ 
played  in  Fig.  3-50.  The  equations  of  the 
controller  are  given  below: 


=  -  az^  +  ay^; 

Zp  = 

Z3  =  -  az3  +  ayg 

H  "  h 

u  =  -  C3  (dz^  +  pz^  +  rz2) 

u^  =  -  c^  (dzj  +  PZ3  +  rz^) 

where  u  and  y  retain  the  same  meanings  they 
had  in  the  equations  set  forth  above.  Nominal 
values  for  the  parameters  are: 


a 

d 

P 

r 

C3 


16.0 

1.0 

4.0 

8.0 


Digital  Controller  Implementation.  Con- 
trol  Eqs.  (3.40)  and  (3.41)  were  implemented  in 
the  array  processor.  The  main  reason  for  this 
mechanization  is  that  the  array  processor  is 
capable  of  effecting  matrix  multiplications  in 
a  very  short  time.  It  is  designed  for  handling 
large  size  matrices  such  as  occur  in  image  pro¬ 
cessing.  However,  the  arithmetic  processor  is 
controlled  by  another  processor,  the  CSPU  pro¬ 
cessor,  which  functions  in  the  usual  sequential 
fashion.  Thus,  each  operation  requested  from 
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3.5.3  CIRCULAR  PLATE:  CONCLUSIONS  AND 
RECOMMENDATIONS 


the  arithmetic  unit  requires  somesetup  time. 
In  the  present  application  to  digital  control, 
this  setup  time  becomes  a  major  restriction  in 
computational  speed  and  thus  in  sampling  rate. 
Fig.  3-51  shows  a  simplified  model  of  the  se¬ 
quence  of  operations  needed  for  this  control 
experiment.  The  actual  calculation  takes  only 
1.4  ms,  while  4.4  ms  are  spent  on  overhead. 


SAMPLE 

ACQUISITION 


DAC/ADC  CLOCKING 


— 

Z 

1 

o 

1 

K 

z 

1 

o 

1 

INITIAL 

SETUP 

3 

tt 

h 

H 

3 

3 

y 

UJ  H  A  ^ 

U-  tA  H 

H  <  C  UJ 

<«oS>< 

< 

qHH— UJ 

n< 

u 

^  0 

COMMAND  NEXT 
OUT  SAMPLE 


10  TIME  (mj) 


Fig.  3-51  Array  Processor  Timing  Sequence 


The  additional  time  necessary  to  transfer  the 
data  to  the  host  processor  created  a  serious 
problem  which  took  specialized  hardware  and 
tests  to  recognize.  The  original  sampling  rate 
of  200  Hz  was  selected  on  the  basis  of  manufac¬ 
turer  specifications  and  the  intent  of  control¬ 
ling  modes  up  to  100  Hz.  However,  the  5-ms 


sampling  time  conflicted  with  the  total  proces¬ 
sing  time,  and  unpredictable  failures  occurred 
constantly.  Other  synchronization  problems 
between  the  DAC  and  the  algorithm  clocks  pre¬ 
vented  the  testing  of  the  control  algorithm. 
Finally,  the  hardware  was  found  to  be  extremely 
temperature  sensitive,  which  caused  other  catas¬ 
trophic  failures.  All  these  problems  have  fin¬ 
ally  been  solved,  and  the  system  is  now  opera¬ 
tional  for  the  next  contract  phase.  The  maximum 
sampling  rate  with  a  16th  order  system  is  about 
170  Hz. 

Conclusions  and  Recommendations.  With  the  pre- 
sent  level  of  disturbances  (air  currents, 
building  vibrations,  acoustic  noise)  and  the 
simple  rigid-body  analog  controller,  the  total 
(i.e.,  rigid  and  flexible)  pointing  error  of  the 
plate’is  about  20  urad  rms,  of  which  about  5 
urad  is  due  to  bending  mode  excitation.  The  use 
of  the  more  sophisticated  digital  controller  is 
expected  to  reduce  this  error  significantly  and 
thus  make  this  experiment  very  relevant  to  actu¬ 
al  optical  space  systems.  Already,  new  pro¬ 
blems  associated  with  microvibration  levels 
have  been  observed  (e.g.,  nonlinear  damping 
effects,  microlimit  cycles),  andmore  are 
expected  at  lower  amplitudes.  Finally,  it 
appears  that  yet- to-be-developed  dedicated  LOG 
microprocessors  would  be  more  appropriate  for 
digital  control  than  the  present  array  proces¬ 
sor.  However,  the  advantage  of  the  latter  (the 
only  processor  in  existence  today)  is  its 
flexibility  as  a  research  tool. 
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4.  TECHNOLOGY  PRIMER 


4.1.2  PECULIARITIES  AND  PATHOLOGIES  OF  LSS 


Section  4 
TECHNOLOGY  PRIMER 


4.1  INTRODUCTION 

The  control  of  structural  flexibility  implies, 
in  some  sense,  the  ability  to  construct  and/or 
deploy  in  space  large  structures  whose  behavior 
is  predominantly  determined  not  by  passive 
characteristics  but  by  active  control  systems. 
The  role  such  ACOSS  systems  can  play  in  modify¬ 
ing  structural  and  attitude  dynamics  is  the 
subject  of  the  ACOSS  FIVE  research  study. 

In  the  context  of  preliminary  investigations, 
it  is  often  useful  to  restrict  consideration  to 
a  few  simple  models  (examples)  in  the  hope  that 
generic  characteristics  of  the  control  process 
will  emerge  and  be  directly  applicable  to  more 
detailed,  realistic  systems.  Experience  with 
detailed  structural  models,  however,  has 
already  indicated  that  system  performance  met¬ 
rics,  such  as  optical  or  rf  LOS  performance 
measures,  rms  surface  shape,  modal  damping, 
etc.,  can  be  extremely  sensitive  to  changes  in 
the  structural  model,  actuator  and  sensor 
placement,  sensor  measurement  error,  etc. 

These  sensitivies  may  also  result  from  the 
detailed  way  a  portion  or  all  of  the  structure 
is  built,  the  limitations  of  sensor  measure¬ 
ments  in  general,  or  the  disturbances  associ¬ 
ated  with  specific  actuator  implementations. 
Therefore,  while  consideration  of  quite  simple 
structures  and  examples  is  a  necessary  first 
step  in  obtaining  knowledge  of  fundamentals,  it 
should  not  generally  be  expected  that  control 
strategies  developed  in  this  way  (i.e.,  limited 
to  small,  simple  examples)  can  be  immediately 
implemented  on  real,  high-detail  large  space 
structures  (LSS).  For  the  latter,  qu^sticr,*  cf 
local  versus  global  control,  sensor/actuator 
placement  strategy  and  error,  model  accuracy 
and  identification,  modal  density,  model 
or der-f euuol loii  jclitnitS,  coiiiputatioTid’  require¬ 
ments,  etc.,  will  be  the  dominant  considera¬ 
tions. 

The  intended  purpose  of  this  technology  primer 
is  to  describe  in  a  systematic  manner  the  new 
controls  technology  developed  by  LMSC  under  the 
ACOSS  program.  While  the  material  is  presented 
in  a  relatively  detailed,  tutorial  fashion  in 
order  to  make  possible  the  transfer  of  this 
technology,  several  requirements  must  be  met  by 
the  potential  user  in  order  to  make  this  trans¬ 
fer  effective  in  real  applications.  Because  of 
the  high  level  of  interconnectedness  between 
the  various  disciplines  involved  in  this  tech¬ 
nology,  e.g.,  structures,  dynamics,  controls. 


numerical  analysis,  etc.,  a  strong  integration 
of  these  disciplines  is  required.  This  entails 
in  particular  the  availability  of  intercon¬ 
nected  large-scale  software  which  allows  the 
user  to  construct  and  manipulate  the  various 
models  which  arise  during  the  different  phases 
of  control  synthesis  and  evaluation. 

The  individual  computer  programs  required  for 
this  task  are  generic  in  nature,  and  are  gener¬ 
ally  available  in  different  forms,  e.g.,  finite- 
element  structural  programs,  complex  eigen- 
solvers,  optimal  control  synthesis  programs, 
etc.  However,  it  is  the  user's  responsibility 
to  assemble  and  organize  these  various  codes  to 
best  suit  his  particular  needs  and  to  recognize 
that  the  intrinsic  size  of  the  LSS  controls 
problem,  even  for  the  simplest  cases,  precludes 
the  manual  handling  of  data. 

4.1.1  Objectives  of  Structural  Control  (ACOSS 
FIVE) 

The  general  objective  of  ACOSS  is  to  develop  a 
technology  for  the  design  and  implementation  of 
active  control  systems  to  meet  the  high  per¬ 
formance  requirements  inherent  in  the  new  gen¬ 
eration  of  space  systems.  Particular  objec¬ 
tives  include  high-precision  pointing  in  the 
presence  of  structural  flexibility,  suppression 
of  transient  vibrations  induced  by  attitude 
maneuvers  (ACOSS  THREE),  and  attenuation  of 
vibration  induced  by  onboard  disturbances,  with 
special  emphasis  in  ACOSS  FIVE  on  sinusoidal 
steady-state  disturbance  sources.  The  main 
objective  present  in  all  these  control  problems 
is  the  development  of  techniques  to  properly 
eliminate  inilabil ities  ci eateil  by  spilloVef, 
which  is  the  interaction  of  the  controller  with 
the  unmodeled  modes. 

4.I.Z  K  ecu!  iar  It  ica  ouJ  h  otiioltid'fcS  of  Lao 

Problems  associated  with  vibration  control  and 
accurate -pointing  of  large  space  structures 
(LSS)  are  quite  different  from  those  posed  by 
traditional  rigid  spacecraft,  even  if  the  latter 
have  flexible  appendages.  LSS  systems  typically 
combine  large  size  with  extremely  rigorous 
pointing  and  surface  figure  error  requirements, 
so  that  the  pecularities  and  pathologies  of  LSS 
become  meaningful  only  by  comparison  with  the 
control  of  traditional  spacecraft.  Differences 
in  control  requirements  and  constraints,  syn¬ 
thesis  and  evaluation  methodologies,  etc.,  must 
be  addressed  in  the  context  of  the  flight  con¬ 
trol  system  design. 


4-1 


I 


4.  TECHNOLOGY  PRIMER 


4.1.T  MOriVATlON  FOR  NI'W  SYNITITSIS  TITimllllll'S 


Control  design  is  principally  driven  by  space¬ 
craft  dynamic  characteristics,  performance  con¬ 
siderations,  on-board  or  environmental  disturb¬ 
ances,  and  sensor/actuator  availability.  The 
special  features  of  large  flexible  spacecraft 
in  these  four  categories  are  summarized  below. 

1.  There  are  an  infinite  number  of  elastic 
modes,  usually  with  low  natural  damping, 
and  the  controller  bandwidth  extends  over  a 
significant  number  of  these  modes  (Fig. 
4-i).  This  last  feature  is  taken  to  he  the 
defining  characteristic  of  a  large  space 
structure. 

2.  Flexible  modes  interact  not  only  with  the 
attitude  controller  but  contribute  directly 
to  the  deformation  geometry  of  the  struc¬ 
ture  which  itself  may  reguire  accurate  con¬ 
trol.  Performance  criteria  must  then  be 
precisely  formulated  or  the  control  problem 
is  ill-posed. 

3.  A  variety  of  disturbances  may  excite  the 
structure  and  degrade  its  performance. 
Again,  the  formulation  of  the  control  prob¬ 
lem  will  be  strongly  affected  by  the  type 
of  the  disturbances  and  their  spatial  and 
spectral  characteristics. 

4.  Most  of  the  actuators  and  sensors  currently 
envisioned  for  large  space  structures  have 
been  studied  only  theoretically.  Ground* 
experiments  in  active  vibration  control  and 
hardware  development  are  just  beginning, 
and  it  is  safe  to  state  that  there  is  no 
available  flight-qualified  hardware.  The 
control  designer  must  therefore  rely  on 
believable  extrapolation  of  available  data. 

CONTROLLER 


FREQUENCY  (Hz) 

Fig.  4-1  Flexible  Structure  Mode  Location  and 
Controller  Bandwidth 


The  major  problems  encountered  in  the  control 
design  of  large  flexible  spacecraft  are 
directly  due  to  the  first  three  characteris¬ 
tics.  The  truly  infinite-dimensional  character 


of  the  structure  has  to  he  approximated  !iy  a 
finite-dimensional  model.  A  good  structural 
analysis  usually  generates  modal  models  with  a 
large  number  of  modes  which  provide  a  reason¬ 
able  representation  of  the  spacecraft.  How¬ 
ever,  such  models  have  two  fundamental  draw¬ 
backs:  (1)  their  size  is  much  beyond  the  com¬ 
putational  capability  of  current  control  syn¬ 
thesis  methods;  and  (2)  the  higher  frequency 
modes  of  a  structural  model  are  known  only 
imprecisely. 

Modes  are  usually  accuri  in  the  1 ow-frequenrv 
part  of  the  total  spectru„i.  They  depart  more 
and  more  often  from  the  actual  spacecraft  modes 
as  frequency  increases  and  can  only  be  used  in 
a  qualitative  manner  in  the  design  process. 
Thus,  the  control  design  must  be  based  on  a 
reduced-order  model  containing  only  selected 
low-frequency  modes.  This  is  not  by  itself  a 
major  limitation,  since  low-frequency  modes 
usually  require  the  most  control  because  of 
their  longer  settling  times  and  larger  contri¬ 
bution  to  performance  degradation.  Neverthe¬ 
less,  the  control  design  approach  must  properly 
handle  the  poorly  known  hiqher-frequency  modes 
by  not  destabilizing  them  while  controlling  the 
low-frequency  modes.  Indeed,  no  matter  where 
the  controller  roll-off  frequency  is  situated, 
the  infinite  nature  of  the  modal  spectrum  im¬ 
plies  that  there  will  be  modes  within  and  be¬ 
yond  the  roll-off  region.  It  has  been  shown 
(Ref.  2)  that  destabilization  is  likely  and 
almost  certain  to  occur  in  the  roll-off  region, 
a  situation  which  can  only  worsen  for  closely 
packed  modes  and  low  natural  damping.  This 
so-called  "spillover"  phenomenon  is  one  of  the 
most  crucial  problems  faced  by  the  control 
designer. 

4.1.3  Motivation  for  New  Synthesis  Techniques 

Traditional  control  synthesis  techniques  have 
primarily  addressed  sinqle-input/single-output 
(SISO)  systems,  and  numerous  frequency-domain 
procedures  have  been  developed  to  handle  such 
systems.  For  multi-input/multi-output  (MIMO) 
systems,  the  usual  approach  is  to  decompose 
them  into  separate  SISO  control  systems  and 
synthesize  controllers  for  them  individually. 
This  has  been  typical,  for  instance,  of  atti¬ 
tude  control  systems  where  pitch  and  roll-yaw 
behavior  are  assumed  to  be  decoupled.  For  the 
LSS  control  oroblem,  the  large  number  of 
degrees-of-freedom  affected  by  a  single 
actuator  (or  those  measured  by  a  single  sensor) 
precludes  any  simplifying  decoupling  assump¬ 
tions,  and  both  actuators  and  sensors  have  to 
be  treated  together  in  multi-dimensional 
representations . 
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Mociprn  control  tochniques  are  particularly 
well  suited  to  handle  such  inulti-diinensional 
systems  for  which,  in  fact,  they  were  oriqi- 
nally  developed.  These  techniques,  primarily 
formulated  in  the  time-domain,  put  special  em¬ 
phasis  on  performance  which  is  quantified  in  a 
quadratic  cost  functional.  Control  synthesis 
procedures  are  then  derived  from  the  optimiza¬ 
tion  of  the  performance,  and  in  this  sense  are 
particularly  useful  in  the  multi-faceted  LSS 
control  problem. 

Even  though  these  optimal  techniques  automati¬ 
cally  guarantee  the  existence  of  a  stable  solu¬ 
tion  to  any  control  synthesis  for  a  perfectly 
known  dynamic  plant,  serious  stabi  1  ity  problems 
arise  when  there  are  uncertainties  in  the  plant 
parameters  or  when  only  a  partial  (reduced) 
model  of  the  plant  is  used.  These  features, 
characteristic  of  the  LSS  control  problem, 
motivated  the  development  of  new  synthesis 
techniques  beyond  the  straightforward  applica¬ 
tion  of  modern  optimal  control.  These  new 
techniques,  such  as  the  two-level  HAC/LAC 
approa-h  and  the  frequency-shaping  of  the  roll¬ 
off,  have  incorporated  some  frequency  domain 
considerations  into  the  state-space  time-domain 
optimal  formulations. 

4.1.4  Road  Map  of  New  Methodology 

The  major  steps  of  the  new  methodology  are 
depicted  in  Fig.  4-2.  The  procedure  starts 
with  the  finite-element  structural  model  of  the 
spacecraft  which  vields  frequencies  and  open- 
loop  mode  shapes.  This  allows  construction  of 
the  state-space  model  (see  Section  4.2.1), 
which  also  requires  the  performance  and  dis¬ 
turbance  models  for  proper  actuator  and  sensor 
definition.  Then  the  state-space  n-odel  is 
reduced  for  controller  synthesis  into  lower 
order  models  for  High  and  Low  Authority  Control. 

The  HAC  law  is  designed  first,  and  the  spill¬ 
over  is  evaluated  on  the  evaluation  model. 

This  model  is  constructed  from  the  original 
state-space  model  and  the  various  control  laws 
which  have  to  be  tested  against  it.  The  degree 
of  spillover  due  to  the  HAC  controller  is  then 
used  to  determine  the  LAC  damping  ratios ^  neces¬ 
sary  to  prevent  the  spillover  from  creating 
instabilities.  Then  the  combined  HAC/LAC  con¬ 
trol  law  is  evaluated  again  for  stability  and 
performance. 

In  any  of  the  sequences  described  above,  some 
iteration  may  take  place.  The  control  design 


Fig.  4-2  Road  Map  of  New  Methodology 


methodology  is  discussed  in  detail  in  Section 
4.3 


4.2  MODELING  OF  FLEXIBLE  SPACECRAFT 

A  central  issue  in  the  active  control  of  space 
structures  is  the  development  of  correct 
mathematical  models  for  the  open-  and  closed- 
loop  dynamical  plants.  While  a  great  deal  of 
controversy  has  been  generated  recently  over 
finite-element  methods  and  their  assorted 
pitfalls,  programs  such  as  NASTRAN  and  SPAR  are 
nevertheless  the  primary  current  tools  for  gen¬ 
erating  dynamical  models  of  conceptual 
spacecraft  whose  structure  cannot  be  idealized 
by  simple  models  of  beams,  plates,  and  beams 
with  lumped  masses. 

Finite-element  structural  programs  generally 
provide  the  control  designers  with  a  set  of 
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modal  frequencies  uip  and  a  set  of  mode  shapes 
(eigenvectors)  corresponding  to  appropriate 
boundary  values.*  These  eigenvectors  are  given 
in  discretized  forn.,  i.e.,  a  set  of  modal  dis¬ 
placements  in  the  x,  y,  and  z  directions  at 
each  nodal  station.  In  some  cases,  modal  rota¬ 
tions.  Ox,  Sy,  Sz  3re  also  required.  In  addi¬ 
tion,  coordinates  and  a  "map"  of  the  structure's 
nodes  must  be  provided  to  allow  the  reconstruc¬ 
tion  of  physical  displacements  in  terms  of  their 
modal  expansions. 

The  important  point  here  is  that,  for  any  non¬ 
trivial  flexible  satellite  configuration,  the 
volume  of  information  is  so  large  that  the  data 
handling  must  remain  entirely  within  the  com¬ 
puter  and  its  mass-storage  facilities.  Develop¬ 
ment  of  this  data  base,  in  a  form  usable  by  con¬ 
trol  synthesis  software,  is  a  fundamental  neces¬ 
sity  for  the  synthesis  and  evaluation  of  com¬ 
plex  controls  which  require  modal  truncation, 
actuator/ sensor  location  and  type  changes,  and 
evaluation  of  system  performance  for  parameter 
and  system  order  changes.  Preparation  of  a 
structure  for  controls  is  a  major  part  of  the 
overall  effort  required  to  develop  structural 
control  systems. 

4.2.1  State-Space  Models 

As  an  example,  consider  the  dynamic  equations 
of  a  structure,  which  are  linear  for  small  dis¬ 
placements  and  are  written  as 

M«  +  K«  =  f  ,  (4.1) 


where  «  is  a  column  vector  obtained  by 
"stacking"  the  components  of  the  displacements 
at  all  nodes,  f  is  a  similar  vector  of  (control) 
forces  applied  at  those  nodes,  and  M  and  K  are 
generalized  mass  and  stiffness  matrices  of 
appropriate  dimensions.  The  usual  procedure 
(Ref.  3)  is  then  to  diagonalize  Eq.  (4.1)  by 
solving  the  eigenproblem; 


M  ^  K4> 


4> 


(4.2) 


where  4>  is  the  matrix  whose  columns  tu  ^re 
the  mode  shapes  corresponding  to  the  modal 
cyclic  frequencies  uip  (i.e.,  eigenvalues  of 
M-1k).  Because  of  reciprocity  properties,  K 
and  M  are  symmetric  matrices  (M  is  a  diagonal 
for  lumped-mass  models  if  5  is  the  vector  of 

*For  single“body  monolithic  spacecraft  configu¬ 
rations,  unrestrained  modes  are  appropriate. 

For  gimballed  multi-body  structures,  see 
discussion  at  the  end  of  this  subsection. 


displacements  at  lumped-mass  locations).  It  is 
known  that  there  exists  a  normalization  of 
(whose  columns  are  only  determined  up  to  a 
multiplicative  constant  by  Eq.  (4.2))  such 
that  'J>TM4>  =I ,  and  hence,  from  Eq.  (4.2), 


(4.3) 


Using  then  the  basic  modal  transformation  (5  =  4>q 
(where  q  is  a  vector  of  modal  amplitudes), 
one  can  transform  Eq.  (4.1)  into  the  classical 
modal  equations 


(4.4) 


In  general,  forces  are  applied  only  at  a  few 
nodal  points  of  the  structure,  via  specific 
actuators,  and  there  are  linear  relations 
between  the  set  of  command  inputs,  represented 
by  some  vector  u,  and  the  vector  f  or  control 
forces,  such  as: 

f  =  U  . 


In  the  same  way,  sensor  measurements  may  be 
stacked  in  a  vector  y  which  is  linearly 
related  to  the  position  and  rates  of  the  nodal 
points,  i.e.. 


4*  0 
0  •!> 


q 

q 


Defining  the  modal  state  Vector  as 


(4.5) 


one  can  finally  write  the  equations  describing 
the  dynamics  of  the  spacecraft  in  the  usual 
first-order  form: 


where 


X  =  Fx  +  Gu 
y  =  Hx  , 


(4.6) 


F  t 


-2  £  ui 

n  n 


and  H  ^  ^[-|-]  .  (4.7) 


The  diagonal  elements  -2£nun  ^re  added  in 
the  F  matrix  to  represent  the  (usually  small) 
natural  modal  damping.  The  F  matrix  is  the 
state-space  form  of  the  (open-loop)  dynamics 
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matrix  and  now  has  complex  eiqenvalues  and^ 
eigenvectors.  The  calculation  of  the  matrices 
F,  G,  and  H  from  the  structural  data  and  the 
actuator/ sensor  definitions  usually  require 
direct  handling  and  processing  of  the  data  hy 
diaital  computers,  since  hand  calculations 
rapidly  hecome  prohibitive  for  large  systems. 

The  introduction  of  actuator  or  sensor  dynamics 
may  further  complicate  the  construction  of  these 
matrices.  Nevertheless,  Eqs.  (4.6)  along  with 
the  definitions  (4.5)  and  (4.7)  constitute  the 
basic  model  for  preliminary  control  design. 


Although  modern  control  synthesis  methods  are 
principally  formulated  in  the  time  domain, 
frequency-domain  methods  provide  a  useful  com¬ 
plement,  especially  when  steady-state  responses 
are  sought.  In  particular,  combinations  of 
frequency-domain  performance  criteria  with  time- 
domain  synthesis  methods,  discussed  in  Section 
4.3,  can  produce  control  designs  which  can  be 
accurately  realized  in  hardware.  Using  Eg. 

(4.4)  (with  an  added  term  for  modal  damping)  one 
may  easily  obtain  the  open-loop  modal  amplitude 
transfer  function 


4- 


in 


'VV  ■ 


(4.8) 


structure  under  the  classical  rigid  body  modes. 
However,  for  large  angular  rates,  nonlinear 
dynamic  effects  have  to  he  modeled,  even  though 
structural  deformations  can  still  he  represented 
by  1  inear  equat ions . 

For  multi-body  configurations,  such  as  space¬ 
craft  with  gimballed  power  equipment  sections, 
the  dynamics  become  highly  nontrivial.  The^ 
field  of  multi-body  dynamics  was  pioneered  in 
the  late  sixties  when,  based  on  the  earlier  work 
of  Hooker  and  Margulies  (Refs.  4,5),  the  first 
N-body  attitude  dynamics  computer  software  was 
developed.  A  number  of  subsequent  extended  pro¬ 
grams  were  written  in  the  next  few  years,  and 
these  are  documented  in  Ref.  6.  These  N-body 
programs  provide  a  hvbrid  synthesis  of  large- 
angle  nonlinear  mul ti rigid-body  dynamics  with 
the  modal  representation  of  linear  elastic 
deformations  used  in  structural  mechanics.  More 
recent  models,  based  on  T.  R.  Kane's  formulation 
(Ref.  7),  have  been  developed  for  monolithic 
structures  containing  stored  momentum  (Ref.  8). 
However,  while  those  dynamic  models  and  associ¬ 
ated  computer  programs  are  very  useful  for 
evaluation  purposes,  the  associated  nonlinear 
control  synthesis  problem  is  still  extremely 
difficult  to  tackle  and  will  not  be  discussed 
in  this  report. 


where  fi  is  the  force  acting  on  the  degree 
of  freedom  and  j  =  VT.  The  linear  relations 
between  x  and  q,  y  and  x, and  f  and  u  make  it 
easy  to  compute  the  other  transfer  functions  of 
interest,  e.g.,  xi</ui  and  yj/ui. 

4.2.2  Nonlinear  Models 

For  single-body  monolithic  structures,  the  fine- 
pointing  attitude  dynamics  are  subsumed  in  the 
rotational  rigid  body  modes  included  in  the 
modal  matrix  $  .  When  only  smal 1  motions  of  a 
space  structure  are  being  considered,  the  con¬ 
ventional  linear  structural  dynamics  analyses 
(NASTRAN  and  SPAR)  are  adequate,  and  the  rigid- 
body  modes  are  formally  handled  together  with 
the  elastic  modes,  even  though  the  actuators 
necessary  to  control  them  will  in  general  be 
different  from  those  used  to  control  elastic 
vibrations.  When  larger  attitude  angles  need 
to  be  considered,  and  angular  rates  remain 
small,  the  linear  equations  (Eqs.  (4.6))  are 
still  applicable,  provided  that  the  rigid-body 
modes  are  now  given  in  terms  of  three  attitude 
angles  which  then  constitute  the  first  three 
modal  coordinates.  The  displacements  a-j  are 
then  interpreted  as  the  linear  deformations  of 
the  structure  with  respect  to  the  rotated  frame. 
This  procedure  removes  the  kinematic  nonlineari¬ 
ties  resulting  from  the  linear  stretching  of  the 


4.2.3  Model  Reduction 

Model  reduction  is  a  process  by  which  the  order 
of  the  dynamical  system  is  reduced  for  a  fixed 
number  of  actuator  inputs  and  sensor  outputs. 

The  traditional  structural  mechanics  approach 
first  approximates  the  infinite  dimensional 
nature  of  the  real  structure  by  a  large  but 
finite  number  of  degrees-of-freedom  represen¬ 
tation.  This  approximation  may  be  based  on  a 
direct  physical  interpretation  in  terms  of 
lumped-masses  and  interconnecting  springs  or  on 
the  improved  "consistent  mass  matrix"  method. 
Several  methods  can  be  used  to  further  reduce 
the  degrees  of  freedom,  and  correspondingly,  the 
number  of  nodal  points  in  the  representation  of 
thG  structuT'?.  Most  of  thG  tGchnicjUGS  usgc!  in 
dynamics  and  control,  however,  focus  on  modal- 
coordinate  reduction.  Reducing  the  number  of 
modes  is  usually  done  by  modal  truncation, 
whereby  modes  above  a  chosen  frequency  orin  an 
intermediate  frequency  range  are  simply  dis- 
carded.  For  large  space  structures  control,  the 
frequency  criterion  is  not  sufficient  in  gen¬ 
eral,  and  more  sophisticated  criteria  need  to 
be  used,  resulting  in  selective  deletion  of_ 
modes.  In  more  general  methods,  the  reduction 
involves  a  dimension-reducing  coordinate  trans¬ 
formation  in  which  the  individual  meaning  of  the 
modes  is  no  longer  apparent  (Ref.  9). 
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In  general,  the  requirements  for  model  reduction 
for  active  control  of  large  space  structures 
must  include  the  following: 

1.  The  reduced  model  should  be  suitable  for 
control  design  and  synthesis.  It  should 
incorporate  all  features  critical  for  the 
selection  of  a  feedback  structure  and  con¬ 
trol  gains. 

2.  The  reduced  model  should  accurately  incor¬ 
porate  actuator  effectiveness,  sensor 
measurements  and  disturbance  distribution. 

3.  The  dynamical  characteristics  of  interest 
in  the  structure  should  be  represented  in 
the  reduced  model . 

One  usual  approach  to  model  reduction  is  to 
consider  what  properties  the  reduced-model  open- 
loop  transfer  functions  must  satisfy  so  that  the 
corresponding  closed-loop  transfer  functions 
adequately  represent  the  unreduced  closed-loop 
system.  Various  criteria  for  this  approach  are 
examined  next. 

Consider  a  high-order  large  space  structure 
model  with  an  Nxl  state  vector  x,  a  qxl  control 
vector  u,  and  a  pxl  ouput  vector  y: 

X  =  Fx  +  Gu  ,  (4.9) 

y  =  Hx  +  Du  .  (4.10) 

The  transfer  function  between  y  and  u  is 

y(s)  =  [H(sl  -  F)'^G  +  D]  u(s) 

=  T(s)  u(s)  .  (4.11) 

The  transfer  function  may  be  expanded  about  the 
N  poles  of  the  system.  Because  of  the  partic¬ 
ular  form  of  Eqs.  (4.9)  and  (4.10),  the  number 
of  zeros  does  not  exceed  the  number  of  poles, 
and  the  expansion  takes  the  general  form: 


where  the  scalar  g  and  the  zeros  z]  depend 
upon  the  choice  of  k  and  .  In  most  represen¬ 
tations,  the  number  of  zeros  is  less  than  or 
equal  to  the  number  of  poles. 

If  the  model  is  to  be  reduced  to  n  states,  the 
number  of  poles  will  drop  to  n.  Criteria  have 
to  be  developed  to  determine  the  set  of  poles 
which  may  be  dropped,  along  with  the  corres¬ 
ponding  set  of  modes.  These  criteria  must  con¬ 
sider  the  following: 

1.  Any  mode  which  is  uncontrollable  and 
undisturbable  or  unobservable  can  be 
dropped.  Either  of  these  conditions 
corresponds  to  a  zero  residue  or  a  perfect 
pole-zero  cancellation  in  all  transfer 
functions. 

2.  Controllable  modes  should  not  necessarily 

be  discarded  even  if  they  are  nondisturbable 
and  add  nothing  to  the  cost  functional, 
since  they  may  be  excited  by  the  control 
actuators. 

3.  Highly  controllable  modes  in  the  bandwidth 
of  interest  should  be  retained  even  if  they 
are  not  disturbable  or  observable.  Simi¬ 
larly,  highly  observable  modes  should  be 
retained  for  robustness  reasons. 

4.  Proper  mode  ordering  based  on  cost  analysis 
(Ref.  9)  should  include  the  above  factors 
in  addition  to  performance  considerations. 

For  very  small  feedback  gains,  the  rate  at  which 
the  poles  migrate  depends  upon  the  residues. 
High-gain,  closed-loop  behavior  is  described 
more  accurately  by  open-loop  poles  and  zeros. 
Therefore,  an  ideal  reduced-order  model  should 
maintain  the  residues  of  the  retained  poles  and 
zeros  in  the  spectrum  of  interest.  Unfortu¬ 
nately,  both  zeros  and  residues  cannot  be 
preserved  simultaneously.  The  attempt,  in 
reduced-order  modeling  methods,  is  to  maintain 
either  poles  or  zeros  or  provide  approximations 
to  both  of  them. 


T(s) 


''1 

(s-x 


r 


"N 

(s-x 


(4.12) 


where  the  R's  represent  constant  coefficient 
matrices.  For  any  input-output  pair  (k,j2)  the 
transfer  function  may  also  be  written  as  a  ratio 
of  zeros  and  poles: 


g(s-2i)(s-z;)  ...  (s-2„) 
(s-x^)  (S-X2)  ...  (s-x^)  ’ 


Retention  of  Residues.  The  procedure  for 
retaining  residues  is  implemented  as  follows. 
Let  F,  G,  H,  and  D  be  in  modal  form,  and  assume 
that  the  first  n  modes  are  retained.  The  state 
equations  are  then  written  as 


(4.14) 


(4.15) 
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4.2.3  MODEL  REDUCTIDN:  MODE  SELECTION  CRITERIA 


Let  the  average  frequency  of  the  retained  modes 
be  lOg.  The  state  X2  is  approximated  by 

X2  =  Re  [(jujg  I  -  F22)“^G2]  u  ,  (4.16) 

where  Re(')  represents  the  real  part  of  (•)• 

The  real  part  is  selected  because  it  is  not 
feasible  to  match  the  imaginary  part  of  the 
approximation  using  a  reduced  model  with  real 
coefficients.  Therefore,  the  reduced  model  is 
approximated  by 

(4.17) 

In  order  to  match  the  dc  gain  of  the  reduced 
model  to  that  of  the  high-order  model,  ug  may 
be  set  to  zero.  Most  approximations  match  only 
the  dc  gain  because  for  zero  wa,  the  right- 
hand  side  of  Eq.  (4.16)  is  real.  The  problem 
of  not  being  able  to  match  the  complex  component 
in  Eq.  (4.16)  then  disappears. 

Retention  of  Zeros.  To  retain  the  first  m  zeros 
and  n  poles  about  the  average  frequency,  uai 
the  transfer  function  given  by  Eq.  (4.13)  is 
simplified  to 

,  .  9(j“a-Vl^---^J“a"^M)  (s-z^) . . .  (s-z^) 

=  -  {VVl>---^J“a-^N^  (s-xi)...is-x-j 

(4.18) 

The  first  term  is  approximated  by  a  real  gain. 
Each  input-output  transfer  function  is 
simplified  as  in  Eq.  (4.18).  These  simpl if ied 
transfer  functions  are  reconverted  into  a 
state-variable  description  (Ref.  10). 

The  computation  time  requirements  to  obtain 
reduced-order  models  which  retain  zeros  are  very 
high.  Poles  and  residues  of  high-order  models 
are  determined  much  more  easily  than  zeros. 

This  model-reduction  procedure,  therefore,  has 
not  yet  been  used  for  large  space  structures 
applications . 

Table  4-1  shows  the  partitioning  of  the  infinite 
series  representing  the  exact  transfer  function 
for  the  case  of  a  general  undamped  structure. 

The  ^i's  are  the  mode  shapes  at  the  location 
where  the  displacement-to-force  ratio  is  meas¬ 
ured  (or  rotation-to-torque,  etc.).  The  number 
of  modes  to  be  controlled  is  nc;  the  number 


of  modes  retained  in  the  model  of  the  structure 
is  Of. 


Table  4-1 

MODAL  PARTI T ION ING_AND 
APPROXIMATE  TRANSFER  FUNCTIOf 

s 

MODES 

TO  BE 

CONTROLLED 

RETAINED 

IN  MODEL 

NOT  RETAINED 
IN  MODEL 

Transfer 

Function 

s  i  Ul 

e  _< 

a  << 

Exact 

T^(b)  = 

n  2 

'■’i 

r  4). 

0 

«  rtif 

2^2 

n  +1  w.  +  s 
c  1 

n  +1  yf  +  3 
r  1 

^22 

1  =  1 

Total 

Truncation 

T^(s,n^)  = 

n  2 

M  2  2 

1  =  1  +  S 

Expanded 

Truncation 

n  2 

n  *2 

^  2  i 

1=1  +  3 

c  1 

Rounded 

T^Cs.Hj.)  - 

n  J 

C  ll>. 

"r  4,2 

r  4>i 

1  V  ^ 

+  E  4 

n,.+l 

2-1  0  i 

1=1  +  s 

*  2^,  2  2 
n  +1  u.,  +  s 
c  1 

In  the  straight  truncation  case  one  has  n,»  =  n^, 
and  0  substantial  error  is  committed  in  repre¬ 
senting  the  zeros  of  the  system,  leading  to 
erroneous  control  design.  The  expanded  trunca¬ 
tion  uses  a  larger  model,  but  still  significant 
errors  may  remain.  The  "rounded"  transfer  func¬ 
tion  approximates  the  remainder  of  the  infinite 
series  by  a  constant  bias  term.  (For  these 
terms,  s  is  indeed  much  less  than  the  id's,  hence 
the  approximation.) 

Because  all  these  approximations  depend  on  the 
convergence  of  the  series,  there  are  open  ques¬ 
tions  regarding  the  use  of  other  kinds  of  mode 
shape  functions  which  may  improve  convergence. 

For  instance,  mode  shape  derivatives  (used  to 
express  rotation  and  torque  properties)  converge 
much  more  slowly  than  the  usual  displacement 
modes  when  unrestrained  modes  are  used.  However, 
using  mode  shapes  which  better  reflect  the 
boundary  conditions  imposed  by  a  torquer  may 
drastically  improve  convergence. 

Mode  Selection  Criteria.  Mode  selection  may  be 
formally  based  on  modal  cost  analysis  methods 
developed  by  Skelton  (Ref.  13).  An  ad  hoc 
approach  involving  modal  controllability,  ob¬ 
servability,  and  disturbabi  1  ity  is  often  more 
physically  motivated  and  can  sometimes  be 
related  to  modal  cost.  In  addition,  reduced 
models  are  preferably  chosen  to  represent  the 
low-frequency  region  because:  (1)  actuators  and 
s'ensors  have  finite  bandwidth;  (2)  the  model  is 
known  more  accurately  at  low  frequencies;  and 
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(3)  the  resulting  control  law  can  be  imple- 
iented  adequately  with  a  lower  sampling  rate 
than  required  if  high-frequency  modes  are 
reSin^d  {digital  processor  requirements  are 
simplified) . 


The  high-order  model  is  used  with  advantage  to 
evaluafe  both  spillover  and  the  total  perfor¬ 
mance  of  the  controller,  since  it  is  this  model 
which  reflects  the  effects  of  the  unmodeled 
mnrioc  Fioallv  oo-board  implementation  con- 
;fder;tiors  may’require  even'further  reduct  ons 
of  the  controller  order  with  minimum  degrada¬ 
tion  of  closed-loop  performance. 


To  suimiarize,  large  space  structure  control 
design  usually  requires  three  models. 


1. 


2. 


Evaluation  model 
more  modes  )~i 


(large  order,  e.g.,  40  or 


3. 


Control  synthesis  model  (reduced  order, 
10-20  modes ) ;  and 

o±;pr)-rnntroller  model  (simp  ified  con- 
troller,  e.g.,  less  than  10  modes). 


Correspondingly,  the  overall  control-design  pro¬ 
cedure  includes  three  major  steps. 


1. 


2. 


3. 


Mndel  reduction.  Development  of  reduced 
models  tor  conTrol  synthesis,  which 
essentially  represent  accurately  the  low- 
frequency  behavior  while  approximating  the 
impact  of  high-frequency  modes  on  low- 

frequency  response.  ^  t 

rnntrol  design.  Selection  of  actuator  and 
Sor  tygls-hoctions.  .nd  the  contrdlldr 
structure  for  control  synthesis, 
rnntmller  simplification^  Reduction  of 
the  controller  obtained  in  the  previous  step 
to  simplify  implementation,  and  in  some 
cases,  to  improve  robustness. 


Finally,  steps  2  and  3  must  be  validated  by 
checking  the  controller  against  the  large  evalu- 
ftfon  :Sdel.  so  that  spiUcdd  of 
fnrmance  of  the  total  system  may  be  assessed. 
Ee  s?eps  may  have  to  be  performed  iteratively. 


4.3  CONTROL  DESIGN  METHODOLOGY 


Design  of  feedback  control  laws  for  large  space 
structures  is  dictated  by  the  following  con¬ 
siderations: 


1.  Model .  Because  of  modeling  accuracy  as  well 


Model.  Decause  - 

^reputational  considerations,  the  con¬ 
troller  model  is  of  relatively  low  order. 
The  neglected  modes  have  low  damping  and 
can  bl  unstable  if  not  properly  considered 
in  control  design. 


3. 


Sensors  and  actuators.  Though  structures 
have  significant  response  up  to  infinite 
frequency,  physical  actuators/sensors  have 
finite  bandwidth.  In  addition,  actuators 
and  sensors  have  dead  zones,  hysteresis,  and 
nonlinearities;  their  type  and  placement  may 
be  restricted  in  actual  structures. 

MndPl  uncertainties.  The  behavior  f  struc- 
tlFes  is  known  only  approximately  at  high 
frequency.  Therefore,  control  design  cannot 
depend  on  the  behavior  of  high  frequency  modes 


To  address  these  issues  and  to  provide  adequate 
robustness,  a  two-level  control-design  ^ppro^ch, 
discussed  in  Ref.  11.  is  now  described  in  more 
detail. 


The  two-level  approach  consists  of  a  wide-band, 
low-authority  control  (LAC)  and  a  narrow-band, 
high-authority  control  (HAC).  HAC 
damping  or  mode-shape  adjustment  in  a  selected 
number  of  modes  to  meet  performance  require¬ 
ments.  LAC,  on  the  other  hand,  introduces  low 
damping  in  a  wide  range  of  modes  for  maximum 
robustness.  Figure  4-2  shows  the  control- 
design  procedure  with  integrated  LAC  and  HAC 
designs. 


LAC  is  usually  implemented  with  colocated  sen¬ 
sors  and  actuators.  However,  the  theory,  based 
on  the  work  of  Aubrun,  is  applicable  to  ^Itiple 
actuators/sensors  with  cross-feedback  and  pos¬ 
sibly  filters  (Refs.  12,13) . 


HAC  uses  a  collection  of  sensors  and  actuators 
that  are  not  necessarily  colocated.  Selecting 
the  increase  in  damping  ratio  is  realized  by 
use  of  a  state  estimator  filter.  A  unique 
frequency-shaped  extension  of  the  linear 
quadratic  Gaussian  (LQG)  method  has  been 
developed  to  provide  roll-off  over  desired 
fSquency  regions  and  for  selected  disturbance 
rSSion  (Ref.  14).  HAC  may  destabilize  modes 
not  used  in  the  design.  LAC  is.  therefore 
necessary  to  "clean  up"  problems  created  by  HAC. 


The  need  to  integrate  HAC  with  LAC  is  shown  in 
Fig.  4-3.  HAC  is  based  on  models  valid  over  a 
limited  frequency  region.  It  produces  large 
increases  in  damping  ratio  and  disturbance 
rejection  in  the  frequency  range  of  interest. 
The  effect  of  the  HAC  controller  on  modes  not 
used  in  the  control  design  and  outside  the  con¬ 
troller  bandwidth  may  be  either  stabilizing  or 
destabilizing.  LAC  is  designed  to  provide  pro¬ 
tection  such  that  adequate  damping  is  provided 
in  the  mode  most  adversely  perturbed  by  HAC. 
With  reference  to  Fig.  4-3,  the  LAC  moves  the 
entire  uncertainty  region  above  the  zero  level 
damping  ratio. 
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DAMPING 

RATIO 


MAC  MODEL 
BANDWIDTH 

M 


UNCERTAINTY  IN  HAC 
CONTROLLER  DUE  TO 
MODES  OUTSIDE 
HAC  BANDWIDTH 


FREQUENCY- 
LAC  MODEL  BANDWIDTH 


LAC 


FREQUENCY - 

INTEGRATED 
HAC/LAC  DESIGN 

/ 


UNCERTAINTY  REGION 


FREQUENCY— 


Fig.  4-3  Need  to  Integrate  High-Authority  Con¬ 
troller  (HAC)and  Low-Authority  Con¬ 
troller  (LAC) 


4.3.1  Low-Authority  Control  (LAC)  Design 


Low-authority  control  (LAC)  systems  (Ref.  13), 
when  applied  to  structures,  are  vibration 
control  systems  consisting  of  distributed 
sensors  and  actuators  with  limited  damping 
authority.  The  control  system  is  allowed  to 
modify  only  moderately  the  natural  modes  and 
frequencies  of  the  structure.  This  basic 
assumption,  combined  with  Jacobi's  root 
perturbation  formula,  leads  to  a  fundamental 
LAC  formula  for  predicting  algebraically  the 
root  shifts  produced  by  introducing  an  LAC 
structural  control  system.  Specifically,  for 
an  undamped,  open-loop  structure,  the  predicted 
root  shift  (dXn)p  is  given  by 


(dx„)„  =  i  C  i  i  .  (4.19) 

n'p  2  an  ’^an  ’^rn 
a,r 

where  the  coefficient  matrix*  C  =  [Ca^]  is 
a  matrix  of  (damping)  gains,  and  ^^n 
denote,  respectively,  the  values  of  the  nUi^  mode 
shape  at  actuator  station  a  and  sensor  sta¬ 
tion  r. 


*This  LAC  gain  matrix  will  subsequently  be  de¬ 
noted  by  Cl  in  Sections  4.4  and  4.5  to  dis- 
distinguish  it  from  the  high-authority  control 
gain  matrix  C. 


Equation  (4.19)  may  also  be  used  to  compute  the 
unknown  gains  Cgr  if  the  dx^  are  considered 
to  be  desired  root  shifts  or,  equivalently, 
desired  modal  dampings.  While  an  exact  "inver¬ 
sion"  of  Eq.  (4.19)  does  not  generally  exist, 
weighted  least-squares  type  solutions  can  be 
devised  to  determine  the  actuator  control  gains 
Car  necessary  to  produce  the  required  modal 
damping  ratios.  This  determination  of  the  gains 
is  the  synthesis  of  LAC  systems  and  is  achieved 
by  minimizing  the  special  weighted  quadratic 
cost  function 

J(C)-Ew„[(dg^-(d»„)„]2.S  4, 

n  ^  j 

(4.20) 


in  which  the  (dXn)p  denote  the  predicted  root 
shifts  given  by  formula  (4.19),  and  the  (dXn)D 
denote  desired  root  shifts  (i.e.,  given  numbers). 
In  the  cost  function  J(C),  the  modal  weights  Wp 
help  specify  pole  locations,  and  the  last  term 
"ar  Car^  improves  robustness  of  the  controller. 

Since  the  cost  function  J(C)  is  quadratic  in 
(dXn)p,  and  hence,  in  view  of  Eq.  (4.19), 
also  quadratic  in  the  elements  of  the  matrix  C, 
the  gains  can  be  obtained  algebraically  by 
solving  the  linear  equations 


=  0  (4.21) 


for  the  elements  of  C.  This  is  an  exact  alge¬ 
braic  process  in  which  both  the  modal  weights 
Wp  and  the  desired  root  shifts  (modal  damp¬ 
ings)  (dXn)D  play  the  role  of  adjustable 
synthesis  parameters,  similar  to  the  weights  on 
the  control  effort  and  the  state  error  in 
standard  optimal  control  synthesis  procedures. 


For  structures  which  already  have  some  damping 
or  control  systems  in  which  sensor,  actuator, 
or  filter  dynamics  can  either  be  ignored  or  are 
already  embedded  in  the  plant  dynamics,  the 
root  perturbation  techniques  and  cost  function 
minimization  methods  above  can  similarly  be 
used  to  synthesize  low-authority  controls.  In 
this  case,  the  perturbation  method  proceeds 
from  the  state  equations 


Dynamics: 

X  = 

Fx 

Sensors: 

y  = 

Hx 

Controls: 

u  = 

Cy 

(4.22) 
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which  result  in  the  closed-loop  dynamics 


X  =  (F  +  GCH)x  .  (4.23) 


For  sufficiently  small  controls  C  (Ref.  8),  let 
GCH  =  dF  be  considered  as  a  perturbation  of  F, 
so  that  the  closed-loop  dynamics  may  now  be 
written  as 

i  =  (F  +  dF)x  .  (4.24) 


Let  Xn  denote  the  nth  (complex)  root  of  F,  and 
denote  by  Ln,  Rp.  respectively,  the  corre¬ 
sponding  left  and  right  eigenvectors  of  F,  i.e.. 


F  L  = 

n  n  n 

FRn  =  ^n^n 


(4.25) 


normalized  so  that  L  V  =2  (this  nor¬ 
malization  makes  Eqs.  (4.19)  and  (4.26)  below 
formally  compatible). 


For  small  C,  let  dXp  denote  the  eigenvalue 
shift  ..orresponding  to  dF.  Then,  as  shown  in 
Ref.  13,  Jacobi's  formula  leads  to  the  funda¬ 
mental  root-shift  formula; 


•  7  IF  R„  .  I  lJ  G  C  H  »„ 


hence. 


where 


■“n  “  i  Jt  ■ 

a,r 

t  G^L„  and  =  HR„ 
*^0  0  0  0 


are  negative.  This  robustness  result  is  obvi¬ 
ously  based  on  the  assumption  that  both  sensors 
and  actuators  have  infinite  bandwidth,  and  also 
that  the  structure  is  initially  undamped.* 

Several  departures  from  this  idealization  occur 
in  the  actual  practical  implementation  of  LAC 
systems.  The  most  severe  of  these  results  from 
the  finiteness  of  the  actuators'  bandwidths. 

More  precisely,  the  second-order  roll-off  intro¬ 
duced  by  the  actuator  dynamics  will  always  de¬ 
stabilize  an  undamped  structure.  However,  when 
some  natural  damping  is  present  in  the  struc¬ 
ture,  or  when  a  passive  damper  is  mounted  in 
parallel  with  the  actuator,  additional  active 
damping  can  be  obtained  without  destabi lizing 
the  structure.  The  precise  statement  of  this 
result  is  given  in  the  following  theorem: 

LAC  Stability  Theorem  (Refs.  12,15).  Uncon¬ 
ditional  stability  of  an  LAC  system  is  guar¬ 
anteed  if  and  only  if,  for  each  mode  n,  the 
active  damping  ratio  £rn  is  less  than  a 
certain  maximum  £*rn.  This  maximum  damping 
ratio  in  any  of  the  modes  within  the  bandwidth 
of  an  active  LAC  controller  is  proportional  to 
the  sum  of  the  natural  structural  damping 
and  the  damping  £pn  introduced  by  a  passive 
damper  mounted  in  parallel  with  the  actuator. 
Specifically, 

*  ‘pn'  ■ 

where  the  value  of  the  proportionality  constant 
Kmax  is  given  by: 


Rmax  =  "'i"  *  Z  .(4.29) 

where 

K  =  T^/T^  +  t^/t^  +  2  ,  (4.30) 


are  generalized  actuator  and  sensor  modes,  re¬ 
spectively.  Formula  (4.26)  is  a  generalization 
of  formula  (4.19)  and  reduces  to  Eg.  (4.19)  when 
sensors  and  actuators  are  complementary  (i.e., 
translation/force,  rotation/torgue) ,  sensors 
measure  rates,  and  the  structure  is  undamped. 

Robustness  of  LAC  systems.  When  sensors  and 
actuators  are  colocated  (i.e.,  a  =  r),  are  com¬ 
plementary,  and  only  rate  feedback  is  used, 
formula  (4.19)  reduces  to 

-  -'n  “n  "  7  ? 

a 

which  shows  that  the  root  shifts  are  always 
toward  the  left  of  the  ju-axis  if  all  the  gains 


and  where  1/ti,  1/t?  are  the  poles  of  the 
active  damper,  and  i/Tn  is  the  pole  of  the  pas¬ 
sive  damper. 

The  proof  of  this  theorem  is  given  in  Ref.  12  . 

*  Robustness  is  that  quality  of  a  controller  of 
remaining  stable  in  the  presence  of  parameter 
variations  in  the  structure  and/or  control 
system  parameters.  For  example,  the  above 
stability  condition  (negativity  of  all  the 
root  shifts)  is  independent  of  mode  shapes 
and  frequencies  and  depends  only  on  the  neg¬ 
ativity  of  the  gains  Cg.  Any  parameter 
variation  in  the  controller  which  modifies 
the  values  (but  not  the  signs)  of  the  gains 
will  not  affect  the  stability  condition. 
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4.3.2  High-Authority  Control  (HAC)  Design 

The  HAC  control  design  procedure  is  based  on 
1 inear-quadratic-Gaussian  (LQG)  methods.  In¬ 
creased  penalties  in  the  LQG  cost  functional  are 
placed  at  those  frequencies  where  less  response 
is  desired.  The  concept  of  frequency-shaped 
cost  functionals  has  been  introduced  previously 
(Ref.  14).  This  section  demonstrates  the  appli¬ 
cation  of  these  methods  to  the  large  space 
structures  problem. 

The  frequency-shaping  methods  are  useful  in 
several  areas  of  large  space  structures  con¬ 
trol.  Three  principal  applications  are  impor¬ 
tant:  (1)  spillover  avoidance,  (2)  state 
estimation,  and  (3)  disturbance  rejection. 


Management  of  spillover.  Spillover  in  closed- 
1  OOP  control  of  space  structures  is  managed  by 
injecting  minimum  control  power  at  the  natural 
frequencies  of  the  unmodeled  modes.  Procedures 
for  controlling  spillover  at  high  frequencies 
will  be  discussed,  although  similar  techniques 
are  applicable  for  other  regimes. 


High-frequency  spillover  may  be  controlled  by 
modifying  the  state  or  the  control  weighting. 
The  state  weighting  A(jui)  will  reduce  spillover 
if  it  is  made  a  decreasing  function  of  fre¬ 
quency.  Three  of  the  possible  forms  for  A(ju) 
are  shown  in  the  following: 


1. 


2. 


3. 


A(ja.)  =  ^A 


A(j(o) 


2  ^  2 ,2' 


A(j(o)  = 


I  ^  +  2.2 

(u^  +  u  ) 

,  2  .  2,2 


(4.31) 

(4.32) 


“1  >  “o  • 


(4.33) 


To  include  the  frequency  shaping  of  Eq.  (4.31), 
define  additional  states  x  as 


X 


The  performance  index  is  then 


limy  I  (x^Ax  +  u^Bu)  dt 
0 


(4.34) 


(4.35) 


and  the  control  law  will  be  of  the  form 

u  =  C^x  +  C2X  .  (4.36) 


The  control  gain  C2  will  ensure  that  the  high- 
frequency  response  is  minimized.  This  formula¬ 
tion  resembles  integral  control,  but  the 
weighting  matrices  used  in  the  design  are  dif¬ 
ferent. 


Spillover  may  also  be  reduced  by  placing  high 
control  weighting  at  high  frequency.  Examples 
of  8(jio)  which  reduce  high-frequency  spillover 
are  as  follows: 


1.  B(j,.) 

2.  B(ja)) 

3.  B(jiD) 


^  2  +  2. 

(10  +  111  ) 


B  , 


(4.37) 


2.2 

^  10 

2  .  2 
u  +  0) 


B  ,  u).  <  10 


1  "  “0  ’ 


(4.38) 


[( 


2  .  2v2  .  ,  2  2-, 

w  +  10  )  +  2io  w  J 


(4.39) 


The  frequency-shaped  parts  of  these  weightings 
are  reciprocals  of  those  used  in  the  state 
weightings.  To  implement  the  weighting 
function  of  Eq.  (4.37),  define  a  vector  u  by 


u  +  ujjjU  =  UpU  .  (4.40) 

The  performance  index  then  takes  the  form 


J  =  lim  Y  /  (x^Ax  +  u^8u)  dt  ,  (4.41) 

t.coT  j 

and  the  feedback  control  law  will  be 


U  +  UpU  =  UpU  =  H)q(C^X  +  C2U)  , 

(4.42) 

u  +  u)jj(l  -  C2)u  =  ui^  C^x  . 


This  control  law  is  shown  schematically  in 
Fig.  4-4. 
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COMMAND^ 


LARGE  SPACE 
STRUCTURE 


Luj^(sl +iOq{1-C2))  estimator*" 

piq.  4_4  A  Frequency-Shaped  Controller  to 
Reduce  High-Frequency  Spillover 

During  maneuvers  and  i" 

i<;  often  a  need  to  avoid  exciting  a  particular 
:?de  »t  apOlo.er  at  one 

frBquency  wq  is  achieved  by. 


2  2 

A(j(D)  =  (id  -  <Dq) 


B(j(D)  = 


,  2 

(id  -  (Dq) 


(4.43) 

(4.44) 


The  problem  of  model  invalidity  at 
quency  is  solved  by  making  Q  and  R 
of  frequency.  Since  all  errors  associated  with 
modal  truncation  are  incorporated  in  the 
measurements,  frequency  shaping  is  used  only 
in  R.  High-frequency  measurement  spillover  is 
Controlled  by  increasing  R(ju.)  at  high  fre¬ 
quency.  For  example,  choose  R(Jid)  as. 


Spillover  reduction  in  state  estimation_^ 
discussion  will  again  address  the  estimation  of 
low-frequency  states  when  the  high-frequency 
mSdes  are  not  modeled.  Extension  to  other  cases 
is  straightforward. 

In  the  linear  systems  of  Eqs.  (4.6),  ^ 
transformation  can  be  used  to  place  all  errors 
Caused  by  unmodeled  modes  into  the  measurement 
eouations.  Note  that  when  high-frequency  modes 
are  CC?  modeled  in  the  state  equations,  measure¬ 
ment  errors  in  the  modified  system  are  also  at 
K  frequency.  Therefore, errors  introduced  by 
lumped-mass  modeling  at  high  frequency 
sents  a  high-frequency  noise  measurement  with 

many  peaks. 

TO  design  a  filter  with  desirable  high-frequency 
behavior,  consider  the  optimal  state  estimate 
as  the  output  of  an  optimization  problem  with 
the  following  performance  index; 

■J  =  lim  [  (w^Qw  +  v^Rv)dt  .  (4.45) 

0 

Again,  conversion  to  the  frequency  domain  gives 
the  following  performance  index; 

=  j  (w*Q(>)w  v*R(jiD)v)  d(D  .  (4.46) 


R(j>D)  = 


^  2  .  2. 

(lO  +  ID  ) 


Defining  a  new  measurement  y  as 


y  +  uiqy  =  “oY 


y  =  Hx  +  V  , 


X  +  ID  X  =  tD^X 


=  “o"  ’ 


(4.48) 


(4.49) 


(4.50) 


and  the  state  estimator  is  then  of  the  form: 


=  Fx  +  Gu  +  K(y  -  Hx)  , 


X  =  -iDpX  +  iDpX  +  iDpK  (y  -  Hx)  ,  (4.51) 


y  =  -“o^  ^  “o^  • 

This  filter  is  shown  schematically  in  Fig.  4-5. 
Note  that  a  standard  filter  is  obtained  by  set¬ 
ting  K  to  zero  and  ido/(s  +  (dq)  to  one.  In 
this  formulation,  filtered  measurements  are  coi^ 
pared  with  filtered  states.  The  eigenvalues  of 
the  closed-loop  system  are,  in  general,  in  the 
low-frequency  region.  Low-frequency,  closed- 
loop  eigenvalues  reduce  excitation  of  high- 
frequency  modes  through  feedback  in  the  state 
estimator.  The  filter  shapes  may  be  modified 
to  provide  any  desired  roll-off.  The  filter, 
of  course,  becomes  more  complex  as  faster  roll¬ 
off  is  obtained.  (Note  also  that  the  transfer 
function  between  the  estimated  state  and  the 
measurements  has  at  least  two  more  poles  than 
zeros. ) 
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Fig.  4-5  A  Frequency-Shaped  Filter  to  Reduce 
High-Frequency  Spillover 

Although  this  filter  has  been  developed  for 
application  to  large  space  structures,  it  is 
believed  to  have  a  wide  applicability  in  the 
design  of  practical  state  estimators. 

Di gfurhance  refection  in  large  space  structures. 
Large  space  structures  are  often  subject  to  high 
disturbance  levels  caused  by  rotating  machines, 
combustion  devices,  rotating  antennae,  and  other 
onboard  equipment.  In  addition,  gravity  gradi¬ 
ents  and  solar  pressure  are  external  disturbance 
sources.  These  sources  are  usually  nonwhite. 
Frequency-shaping  methods  may  be  applied  to 
minimize  the  effect  of  these  disturbances  on  the 
structure.  Procedures  for  realizing  disturbance 
rejection  are  shown  in  the  following. 

Consider  a  cryogenic  cooler  or  control -moment 
gyro.  The  primary  disturbance  produced  by  these 
devices  is  at  one  frequency  (typically  the  rota¬ 
tional  frequency)  and  possibly  its_harmonics. 

Let  the  disturbance  frequency  be  u.  To  mini¬ 
mize  the  effect  of  this  disturbance  on  output 
y,  the  following  term  Ji  is  included  in  the 
performance  index: 


1 


,  2  -2, 

(u  -  la  ) 


T 


jV 


(4.52) 


Note  that  the  output  penalty  goes  to  infinity 
at  the  disburbance  frequency.  Thus,  the  impact 
of  disturbance  on  the  output  is  minimized. 

The  implementation  of  this  frequency-shaped 
weighting  requires  definition  of  additional 
states  as  follows: 


X  = 


r  0 
2 


-u  I 


(4.53) 


The  performance  index  will  then  take  the  form 


liiii  I  (x^A  X  +  x^Ax  +  u^Bu)  dt  ,  (4.54) 


and  the  corresponding  control  law  becomes 


u  =  C^x  +  C2X  . 


The  flow  chart  for  this  control  law  is  shown  in 
Fig.  4-6 . 


Fiq  4-6  A  Frequency-Shaped  Controller  to  El  in'" 
^  inate  the  Effect  of  Disturbance  at 

a  on  Output  y 

The  control  formulation  given  above  may  be 
extended  to  include  disturbance  at  other  fre¬ 
quencies  or  over  a  frequency  band.  In  each 
case,  as  shown  in  Fig.  4-6,  there  is  memory  in 
the  control  portion  of  the  feedback. 


Summary.  The  application  of  frequency-shaping 
iethods  to  large  space  structures  leads  to  a 
linear  controller  with  memory.  However,  the 
additional  states  needed  to  represent  frequency- 
dependent  weights  increase  the  controller  order. 
The  software  needed  for  these  controller  designs 
is  similar  to  that  for  standard  LQG  problems. 
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4.3.3  Control ler  Simpl if ication 

The  frequency-shaped  controllers  developed  in 
the  previous  section  are  of  the  form 

Xc  =  •  ('*•55) 

Uc  =  •  (4.56) 


The  controller,  therefore,  has  the  same  form  as 
the  system  itself,  except  that:  (1)  the  roles 
of  input  and  output  are  switched;  (2)  the  con¬ 
troller  state  vector  depends  on  the  choice  of 
frequency  shaping;  and  (3)  the  matrices  K  and 
C  are  known  exactly  (unlike  G  and  'h  in  the 
design  model).  Controller  simplification  is, 
therefore,  similar  to  model  reduction. 

All  unobservable  or  uncontrollable  modes  of  the 
controller  should  be  dropped,  since  they  have 
no  effect  on  controller  performance.  In  addi¬ 
tion,  poles  with  small  residues  can  also  be 
dropped.  Note  that  the  residues  are  physical 
matrices  representing  force  or  moment  applied 
per  unit  error  (Ref.  10). 

Further  selection  of  modes  or  states  which 
shouldberetained  in  the  low-order  controller 
is  a  difficult  problem.  One  approach  is  to  drop 
one  or  two  states  at  a  time  to  determine  the  set 
of  states  which  may  be  eliminated  without  loss 
of  performance.  To  minimize  computation  time, 
a  stepwise  search  procedure  is  needed.  A  modal 
cost  function  could  be  used  in  the  search 
(Ref.  9). 

4.3.4  Actuators  and  Sensors 

In  the  initial  phases  of  the  control  design, 
actuators  and  sensors  are  treated  as  idealized 
devices  with  sufficiently  broad  bandwidths  so 
that  their  dynamics  can  be  ignored.  The  actua¬ 
tors  are  assumed  to  produce  local 
forces  or  torques,  whereas  sensors  are  assumed 
to  measure  displacements  (translations  or  rota¬ 
tions)  and/or  their  rates.  In  complex  problems, 
a  group  of  actuators  can  be  driven  by  a  single 
control  input,  and  similarly  a  group  of  sensors 
can  be  combined  to  provide  a  single  measurement 
output  (e.g.,  the  LOS  in  the  CSDL  No.  2  example 
discussed  in  Section  4.5.2).  The  problem  of 
type  selection  is  very  case-dependent  and  no 
universal  rules  can  be  given. 

The  next  step  in  the  design  procedure  is  the 
determination  of  actuator/ sensor  locations  (and 
hence  quantity)  best  suited  for  the  particular 


control  problem  being  addressed.  For  struc¬ 
tures,  this  requires  an  operational  dynamical 
model  with  well-defined  disturbances  and 
measures  of  performance.  In  particular,  this 
requires  that  the  physical  locations  (nodes, 
lumped  elements,  etc.)  for  possible  actuator/ 
sensor  placement  be  represented  in  the  model 
through  influence  coefficients  of  some  sort. 
Given  this,  the  problem  of  determining  an 
effective  set  of  locations  remains  a  diffi¬ 
cult  problem  and  entails  the  use  of  several 
criteria  which  are  generally  used  concurrently. 

The  most  important  criterion  comes  from  common 
sense  and  examining  the  physics  of  the  problem. 
For  example,  if  the  performance  is  determined 
by  the  motions  of  a  certain  set  of  structural 
nodes  (e.g.,  the  LOS),  these  nodes  are  an  obvi¬ 
ous  choice  for  actuation  in  directions  associ¬ 
ated  with  the  degrees  of  freedom  involved.  This 
procedure  is  applicable  whenever  the  performance 
can  be  expressed  in  terms  of  physical  coordi¬ 
nates.  However,  such  a  set  of  actuators  may  be 
redundant  if  there  are  fewer  independent  vari¬ 
ables  to  be  controlled.  For  example,  in  CSDL 
No.  2  (see  Section  4.5.2)  there  are  21  nodal 
degrees  of  freedom  which  determine  the  three 
components  of  the  LOS.  It  can  therefore  be 
expected  that  a  minimum  of  three  actuators  could 
control  the  LOS;  for  instance  the  two  tilts  and 
translation  of  the  tertiary  mirror  could  provide 
all  the  required  optical  compensation,  but  at 
the  cost  of  large  control  efforts  which  may  be 
incompatible  with  actuator  capabilities,  higher- 
order  optical  aberrations,  structural  strength 
and  redundancy/reliability  requirements. 

It  is  precisely  because  of  such  interdependent 
constraints  that  automated  placement  procedures 
are  only  a  design  aid  and  not  a  solution  to  the 
problem.  Many  such  procedures  have  been  pro¬ 
posed  and  tried,  and  are  usually  based  on  con¬ 
trollability,  minimum  energy,  modal  cost  con¬ 
siderations  (Refs.  1,  9,  16),  etc.  Most  of 
these  procedures,  however,  are  based  on  modal 
decomposition  whereby  the  physics  of  the  origi¬ 
nal  problem  have  been  hopelessly  scrambled. 
Finally,  the  actuator/ sensor  placement  proce¬ 
dure  will  generally  differ  for  HAC  and  LAC, 
since  only  the  latter  (usually)  requires 
colocation. 

The  HAC  sensor  placement  problem  is  even  more 
complex  than  its  actuator  counterpart.  This  is 
due  to  the  existence  of  trade-offs  between  sen¬ 
sors  and  state  estimators.  It  is  conceivable, 
for  instance,  that  a  single  sensor,  given  suf¬ 
ficient  time  and  low  noise  level,  could  be  used 
to  estimate  all  the  observable  degrees  of  free¬ 
dom.  It  is  for  this  reason  that  senSor  noise. 


4-14 


4.  TECHNOLOGY  PRIMER 


4  4  APPLICATION  OF  ACOSS  DESIGN  METHODOLOGY  TO 
A  SIMPLE  EXAMPLE 


process  noise,  disturbance  spectra,  model 
uncertainty,  etc.,  will  all  influence  the  sensor 
selection  and  placement  choices. 


Once  a  control  design  has  progressed  past  the 
initial  phases,  questions  of  actuator  and  sensor 
dynamics  can  be  looked  at  within  the  severe  com¬ 
putational  constraints  of  large  system  perform¬ 
ance  evaluation.  These  questions  will  be 
addressed  more  specifically  in  subsequent  study 
phases. 

4.3.5  Stability  and  Performance  Evaluation 


The  final  evaluation  of  the  control  system  is 
carried  out  using  the  high-order  model 


X  =  FX  +  Gu  +rw  (4.57) 


to  which  is  added  the  equation  defining  the 
control  law  u{t).  In  general,  this  will  result 
in  combined  equations  of  the  form 


x^  =  w 


y  =  ^^s^s 


(d.58) 


where  the  subscript  s  denotes  the  closed-loop 
system,  w  the  disturbances,  and  y  the  vector 
defining  the  performance.  Stability  is  evalua¬ 
ted  by  computing  the  eigenvalues  of  Fg.  The 
performance  can  be  evaluated  in  several  ways, 
depending  on  the  nature  of  the  disturbance.  For 
a  transient  or  initial  condition  disturbance, 
time-domain  simulation  is  carried  out  to  obtain 
y{t),  and  this  can  be  obtained  by  closed-form 
solutions.  For  a  sinusoidal  disturbance  at  fre¬ 
quency  ID,  the  response  of  y  at  that  f>"e- 
quency  is  given  by  the  formula 


y(iD)  =  -Hj  (Fj  -  iiDl)"^  TjW  (4.59) 


which  is  obtained  from  the  Fourier  transform  of 
the  closed-loop  system  equations.  This  re¬ 
quires  inversion  of  a  generally  large  complex 
matrix.  For  random  disturbances  specified  by 
their  PSD's,  analytical  expressions  for  the 
transfer  functions  are  obtained  in  the  form 


y^/Wj  =  T^j(^) 


■k.  iu) 


(4.60) 


where  the  poles  Sp  and  the  residues  A|<jn 
are  obtained  numerically  from  the  eigensystem 
decomposition  of  Fj  and  the  components  of 
Hg  and  r^. 

4.3.6  Strengths  and  Weaknesses 

The  control  design  methodology  described  in  the 
preceding  sections  has  been  applied  to  two 
examples  -  a  simple  one  and  a  complex  one  - 
discussed  in  detail  in  the  next  two  sections. 

In  both  cases,  the  application  of  the  new  meth¬ 
odology  produced  excellent  results  in  the  sense 
that  the  specific  problem  addressed,  viz.,  a 
specific  control  objective  for  a  specific 
structure  (including  specific  perturbed  models 
thereof)  together  with  a  specific  set  of  dis¬ 
turbances,  was  very  successfully  solved  in  each 
case.  For  the  complex  optical  structure  in 
particular,  the  LOS  error  of  the  open-loop 
model  was  reduced  by  a  factor  of  1.3  x  105  by 
the  av.tive  control  system  designed  using  the 
new  methodology.  Furthermore,  the  controller 
remained  stable  and  gave  comparably  good  per¬ 
formance  on  two  perturbed  models  of  the  space¬ 
craft,  establishing  robustness  with  respect  to 
two  "point-desi'in"  perturbations. 

Based  on  the  above  results,  and  in  the  context 
of  the  analysis  defined  by  the  scope  of  the 
Phase  lA  ACOSS  contract,  no  weaknesses  in  the 
methodology  have  been  found.  It  is  true,  how¬ 
ever,  that  the  results  obtained  at  the  end  of 
that  phase  have  given  rise  to  a  number  of  open 
questions,  all  resulting  from  "what  if"  assump¬ 
tions  which  strongly  relax  the  specific  condi¬ 
tions  under  which  the  LSS  control  problem  was 
initially  posed.  Included  in  this  category  are 
fundamental  questions  of  robustness-with- _ 
performance  properties  relative  to  unspecified 
model  perturbations;  questions  relating  to  the 
validity  of  finite-element  models;  and  ques¬ 
tions  relating  to  the  effects  of  unknown  dis¬ 
turbances  and  their  possible  effects  on  system 
performance.  While  some  of  these  questions  are 
not  new,  they  take  on  added  significance  in  the 
context  of  the  LSS  control  problem  and  need  to 
be  defined  more  specifically  before  they  can  be 
addressed.  This  will  be  undertaken  in  the  next 
phase  of  the  study. 

4.4  APPLICATION  OF  ACOSS  DESIGN  METHODOLOGY  TO 
A  SIMPLE  EXAMPLE 

A  simple  two-mode  example  is  considered  to 
illustrate  the  high-authority  control  (HAC)  and 
low'-authori ty  control  (LAC)  design  procedures. 
Spillover  problems  caused  by  HAC  are  demon¬ 
strated,  as  well  as  the  fact  that  LAC  can  pro¬ 
vide  sufficient  damping  to  overcome  the  effect 
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of  the  spillover.  The  frequency-shaped  control 
design  demonstrates  that  the  spillover  problem 
can  be  reduced,  thus  making  it  easier  for  the 
LAC  system  to  overcome  the  effects  of  spillover. 


The  optimal  control  law  for  HAC  is  of  the  form 
u  =  CX^  ,  (4.64) 


4.4.1  The  Two-Mode  Example 

Consider  a  hypothetical  structure  having  only 
two  modes  (Pi,  i  =  1.  2)  with  frequencies  at  1 
rad/s  and  5  rad/s,  and  natural  damping  of  0.5 
percent.  Defining  the  state  vector  as 


X  =  [q^  q2 

one  can  write  the  dynamical  equations  as 


'  where 


X  =  FX  +  Gu  , 
y  =  HX  , 


(4.62) 


F 


0 

1 

0 


0  -1  O' 

-0.05  0  -25 

0  0  0  , 

1  0  0. 


where  Xi  is  the  estimate  of  the  reduced  state 
vector  X]^  =  (qi  qi)^»  ^nd  the  gain  matrix  C 
minimizes  the  weighted  quadratic  cost  functional 

J  =  7  (X^AX  +  Bu^)  dt  .  (4.65) 

0 

For  the  purpose  of  transient  vibration  suppres¬ 
sion,  only  the  velocity  state  will  be  control¬ 
led,  so  that  the  state  penalty  weighting  matrix 
is  given  by 

A  =  (4.66) 

Lo  oJ  • 

The  control  penalty  is  arbitrarily  chosen  as 
B  =  1.  The  optimal  control  gain  matrix  is  found 
by  solving  the  algebraic  Riccati  equation  using 
established  numerical  techniques  which  yield 

C  -  [-1  0]  .  (4.67) 

The  optimal  filter,  defined  by 


G  =  [1  100]^ 

H  =  [1  -1  0  0] 


Xi  =  F^X^  +  G^u  +  K(y  -  H^X^)  ,  U.68) 

is  designed  by  similar  techniques,  and  the  cor¬ 
responding  gain  matrix  is 


For  simplicity,  the  normalized  mode  shapes  have 
magnitude  1  at  actuator  and  sensor  locations. 
However,  the  actuator  and  the  sensor  are  not 
colocated,  hence  the  appearance  of  -1  in  the  H 
matrix.  This  example  could  represent,  for 
instance,  a  free-free  beam  with  an  actuator  at 
one  end  and  a  sensor  at  the  other. 


The  open-loop  eigenvalues  are  approximately 
-0.005,  ±  i  and  -0.025  ±  5i.  In  this  simple 
example  the  first  mode  will  be  controlled,  and 
the  spillover  into  the  second  mode  will  be  exam¬ 
ined.  The  reduced  model  for  control  synthesis 
is  defined  by  the  reduced  matrices: 


K  =  [1  0]^  .  (4.69) 

The  closed-loop  eigenvalues  of  the  filter  and 
the  controller  are  at  -0.5  *  0.866  i  (  S =  50 
percent). 


4.4.2  HAC  Controller  Evaluation  on  Full-Order 
Model 

The  closed-loop  dynamics  matrix  corresponding 
to  the  full-order  system  controlled  by  the 
reduced-order  HAC  controller  is  given  by 


-0.01 

1 

-1 

0 

. 

^1  =  [( 

S]. 

F,  = 

F  1  GC 

and  Hj^ 

[1 

0]  . 

(4.63) 

s 

KH  j  F^  +  G^C  -  KH^ 
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4.4.4  FREQUENCY-SHAPED  CONTROL  LAWS  FOR 
ROLL-OFF 


and  is  computed  to  be 


The  closed-loop  eigenvalues  of  the  LAC  system 
(eigenvalues  of  F  +  GClGM  are: 


-0.01  0-10 
0  -0.05  0  -25 

1  0  0  0 

0  1  0  0_ 

--1 - -T"“0"  0 

0  0  0  0 


I  -1  0 

I  -1  0 

I  0  0 

I  .  0  _  _0_ 

"r-2.01  -1 

I  1  0  J 

(4.71) 


The  eigenvalues  of  Fs  (poles  of  the 
closed-loop  system)  are 

0  0164  ±  4.9084  i  (Spillover  roots:  unstable) 
-0.4049  ±  0.8627  i  (Filter  roots) 

-0.6466  ±  0.8512  i  (Controlled  roots) 


Clearly,  the  spi '.lover  causes  the  unmodeled  mode 
to  go  unstable.  A  measure  of  spillover  is  the 
distance  in  the  complex  plane  between  the  open- 
and  closed-loop  poles,  i.e.,  in  this  case 


d  =  -^(-0.025  -  0.0164)^  +  (5  -  4.908)^ 
=  C.IO  rad/s 


This  value  will  be  discussed  subsequently. 

4.4.3  LAC  Design  and  HAC/LAC  Controller 
Evaluation 

For  the  LAC  system,  a  different  sensor  is  used 
and  is  colocated  with  the  actuator.  The  LAC 
control  law  is  of  the  form 


-0.1052  ±  0.9953  i 
-0.1025  ±  4.9943  i  . 

For  the  combined  HAC/LAC  system,  the  control  law 
is  now 

u  =  CX  +  ClG'^X  (4.73) 

and  the  corresponding  closed-loop  matrix  Fj 
takes  the  form: 


-0 

1 

0 

0 

L  0 


F  +  GC^G^ 

1 

1 

GC 

KH  +  Gj^C^G^ 

1 

1 

Fl 

G^C  -  KH^ 

s  given  by: 

21  -0.2 

-1 

0 

-1 

2  -0.25 

0 

-25 

-1 

0 

0 

0 

0 

1 

0 

0 

0 

8  -1.2 

0 

0 

-2.01 

0 

0 

0 

1 

(4.74) 


0 
0 
0 
0 

-1 

0 

(4.75) 


The  eigenvalues  of  F5 
-0.0732  ±  4.8848  i 


are: 


(  t  =  1.5%;  stabilized 
spillover  roots) 

-0.4406  ±  0.8506  i  (£  =  46%;  filter  roots) 
-0.7212  ±  0.7882  i  (£=  67.5%;  controlled 


u  =  Ci_  Yl 


(4.72) 


and  it  is  evident  that  the  spillover  produced 
by  HAC  has  been  cured  by  LAC,  as  expected. 


where  yi  =  G^X  represents  the  measurement  of 
the  local  displacement  rate  at  the  actuator. 

The  LAC  system  is  designed  to  provide  suffi¬ 
cient  damping  to  remove  the  spillover  in  the 
unmodeled  mode.  The  spillover  distance 
dc  =  0.10  rad/s,  computed  at  the  end  of  the 
previous  subsection,  can  be  regarded  as  the 
radius  of  an  uncertainty  circle  in  the  complex 
plane  within  which  the  unmodeled  mode  root  could 
move  under  the  spillover.  Hence,  to  ensure  that 
the  root  remains  in  the  left  half-plane,  the  LAC 
real-part  root  shift  is  chosen  to  be 


V  1  r  wi2 

0.10  =  £ai  =  -  Cl® 


according  to  the  standard  LAC  formula;  i 
case  1^1  =  1.  hence  Cl  =  -0.20  N/ms  . 


in  this 


;.4.4  Frequency-Shaped  Control  Laws  for  Roll- 
Off 

In  order  to  reduce  the  HAC  spillover,  the 
quency  shaping  method  is  applied  to  bring  about 
a  steW  roll-off  of  the  controls  and  hence 
reduce  the  excitation  of  the  unmodeled  mode. 
This  can  be  achieved  by  making  the  control  pen¬ 
alty  B  an  increasing  function  of  frequency: 


B(iii) 


The  state  penalty  A 
before,  i.e.. 


A  = 


remains  the  same  as 
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4.4.5  Evaluation  of  Frequency-Shaped  Roll-Off 
Control  on  Full-Order  Model 


To  implement  this  particular  frequency  shaping, 
the  reduced-order  state  vector  is  augmented 
to  be 

Xf  -  [q^  q^  u  u]^  (4.76) 

and  the  new  control  input  is  uf.  The  dynamic 
equations  are  modified  to  be 

q’j^  +  0.01  1]^  =  u  (First  Mode  Dynamics) 

u  =  U|:  (Frequency-Shaped  Control)  (4.77) 

The  control  synthesis  model,  in  state-space 
form,  is  then 


Xf  =  FfXf^G^Uf 

y  =  H,x, 

Uf  =  ^fXf 


(4.78) 


The  first  equation  may  also  be  written  as 
X  =  FX  +  GC*X^ 

where 

C*  =  [0  0  0  1]  . 

The  filter  gain  matrix  Kf  is 

=  [1  0  0  0]^  (4.80) 

and  the  closed-loop  dynamics  matrix  Fg  is 
now  given  by 

_ • 

K^H  I  Ff  -GfCf-K^Hf_ 


-0.01  -1  0  1 

1  0  0  0 

0  0  0  0 

0  0  10 


=  [1  0  0  0] 

The  gain  matrix  Cf  is  obtained  by  standard 
optimal  synthesis  as  before,  and  is 

C^  =  [-0.22  0.96  -2  -1.96]  . 

The  closed-loop  poles  (eigenvalues  of 
Ff  +  GfCf)  are 

-0.3468  ±  1.0835  i  (Frequency  Shaping  Roots) 
-0.6582  ±  0.5827  i  (System  Roots:  ?=  50«) 

4.4.5  Evaluation  of  Frequency-Shaped  Roll-Off 
Control  on  Full -Order  Model 

The  complete  set  of  equations  in  this  case  is 
given  by 

X  -  FX  +  Gu 

A  .  . A  , 


X^  =1  F^X^  +  G^u^  +  (y  -  H^X^) 


(4.79) 


whose  numerical  entries  are 


-0.01 

0 

-1 

0 

0 

0 

0 

1 

0 

-0.05 

0 

-25 

0 

0 

0 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

■  1 

■-1 

■  0 

0  ■ 

-1.01 

-1 

'  0 

1 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0  ■ 

-0.22 

0.96 

-2 

-1.! 

0 

0 

0 

0 

0 

0 

1 

0 

u^  =  ^fXf 


and  whose  eigenvalues  are  computed  to  be: 

-0.0262  ±  5.0002  i  (Stabilized  Spillover 
Roots:  ^  =  0.B2%) 

-0.3839  ±  1.0957  i  (Frequency  Shaping  Roots: 

f  _  33%) 

-0.4232  ±  0.8952  i  (Filter  Roots;  f  =  43?S) 
-0.7018  ±  0.5139  i  (Controlled  Mode  Roots: 

81%). 

The  closed-loop  system  is  now  stable,  since  the 
small  amount  of  spillover  into  the  unmodeled 
mooe  is  not  enough  to  destabilize  it.  The.  spill¬ 
over  distance  dg  in  this  case  is  0.0012. 

The  frequency-shaped  roll-off  has  thus  reduced 
the  HAC  spillover  to  about  one  percent  of  its 
original  value,  and  an  LAC  compensation  is 
therefore  not  needed  in  this  case.  In  general, 
however,  there  is  no  guarantee  that  the 
frequency-shaped  reduction  of  spillover  will 
maintain  stability.  LAC  will  then  be  used  to 
compensate  for  the  remaining  destabilizing 
effects. 
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4.5.1  THE  CSDL  NO.  2  STRUCTURAL  MODEL  AND 
DISTURBANCES 


4.4.6  Frequency  Shaping  for  Rejection  of  Single 
Frequency  Disturbance 

In  this  case,  the  state  weighting  matrix  A  must 
place  large  penalties  at  the  disturbance  fre¬ 
quency.  For  example,  if  the  disturbance  fre¬ 
quency  is  0.5  rad/s,  and  the  cost  is  defined  in 
this  case  as 

/OQ 

(A  (m)  y^  +  Bu^)  dm  ,  (4.82) 

then 


The  implementation  of  this  weighting  requires 
the  additional  equation: 


(CSDL).  Early  in  1980,  DARPA  commissioned 
CSDL  to  develop  a  (paper)  design  of  a  "generic" 
optical  space  structure  which  embodied  the 
essential  characteristics  needed  to  illustrate 
and  demonstrate  large  space  structure  control- 
design  methodology,  implementation,  and  per¬ 
formance  evaluation.  The  resulting  nontrivial 
spacecraft  model,  known  today  as  "CSDL  Model 
No.  2,"  has  been  ful iy  documented  in  Ref.  17. 

It  is  available  to  the  dynamics  and  controls 
community  via  a  NASTRAN  computer  tape  which 
contains  the  entire  structural  model.  Refer¬ 
ences  to  "CSDL  No.  2  "  are  becoming  increas¬ 
ingly  more  frequent,  particularly  in  view  of 
the  fact  that  this  model  was  also  recently 
chosen  by  Wright-Patterson  Air  Force  Base  as 
the  "test  bed"  for  a  program  they  will  sponsor 
and  initiate  later  this  year  on  the  Vibration 
Control  Of  Space  Structures  (VCOSS). 


d 
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'o 

-0.25' 
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'i' 

it 
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0 

0 

The  control  synthesis  model  is  now  of  order  6, 
with  the  state  vector  being 

Xf  =  [qi  qi  u  u  i  4]T. 

The  corresponding  evaluation  model  will  then  be 
of  order  10:  four  states  for  the  original  sys¬ 
tem  dynamics,  and  six  states  for  the  controller. 
This  illustrates  the  pitfalls  of  "simple  exam¬ 
ples"  and  emphasizes  the  fact  that  these 
advanced  control  techniques  are  primarily  rele¬ 
vant  for  large  dynamical  systems. 


4.5  APPLICATION  OF  ACOSS  DESIGN  METHODOLOGY  TO 
A  COMPLEX  OPTICAL  STRUCTURE 

The  illustration  and  demonstration  of  control- 
design  methods  for  large  space  structures  has 
been,  and  remains,  a  difficult  problem.  The 
very  nature  of  large  space  structures  precludes 
the  construction  of  simple  textbook  examples  to 
illustrate  theory.  Control  theorists  have 
unfortunately  often  confused  this  issue  by 
postulating  dynamical  plants  which  are  no  more 
than  sets  of  matrices  to  be  immediately  proces¬ 
sed  through  a  maze  of  procedures  and  algorithms 
developed  in  theoretical  approaches. 

Under  the  Defense  Advanced  Research  Projects 
Agency  (DARPA)-sponsored  program  on  Active 
Control  of  Space  Structures  (ACOSS),  an  impor¬ 
tant  step  toward  the  resolution  of  tlris  problem 
was  taken  by  the  Charles  Stark  Draper  Laboratory 


4.5.1  The  CSDL  No.  2  Structural  Model  and 
Disturbances 

The  CSDL  No.  2  model  (Ref.  17),  shown  conceptu¬ 
ally  in  Fig.  4-7,  represents  a  wide-angle, 
three-mirror  optical  space  system,  together 
with  a  line-of-sight  model  giving  the  law  of 
displacement  of  the  image  in  the  focal  plane 
when  the  structure  deforms  (see  Section 
4.5.2).  The  assumption  is  made  that  the  mirror 
surfaces  are  simply  displaced  and  maintain 
their  nominal  (rigid)  shapes.  The  mirror 
shapes  are  off-axis  sections  of  rotational ly 
symmetric  coaxial  surfaces.  Since  the  intent 
is  to  derive  a  fi.st-order  optical  model  (by 
neglecting  the  influence  of  light  redistribu¬ 
tion  in  the  image),  the  asphericity  of  each 
mirror  is  disregarded. 

The  total  structure  is  approximately  28  m  high, 
has  a  mass  of  about  9,300  kg,  and  embodies  a 
structural  design  based  on  realistic  sizes  and 
weights;  the  corresponding  mass  distribution  is 
indicated  in  Fig.  4-7.  Principal  lumped  masses 
are  graphically  displayed  in  Fig.  4-8.  As 
"seen"  by  the  NASTRAN  program  input,  the  struc¬ 
ture  contains  many  more”Ttructural  members 
than  in  the  artist's  conception  of  Fig.  4-7. 
The  computergraphic  display  shown  in  Fig.  4-9 
represents  the  actual  structural  model  which 
was  input  to  the  NASTRAN  program,  together 
with  its  number  of  nodes,  degrees  of  freedom, 
nonzero  mass  elements,  and  stiffness  elements. 
The  structure  is  configured  as  a  frame,  i.e., 
it  is  assumed  that  all  joints  allow  a  full 
moment  connection.  Thus,  bending,  axial,  and 
tortional  stiffness  is  included  in  the  model 
for  all  structural  members. 
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HEIGHT'S  28  m 
TOTAL  WEIGHT  »  9300  kg 

•  51  NODES 

•  306  DEGREES-OF-FREEDOM 

•  84  NONZERO  MASS  ELEMENTS 


•  137  STIFFNESS  ELEMENTS 


RETAINED  FOR  ACTIVE 
CONTROL  EVALUATION 
(CSDL  MODES  #20,  33, 
AND  49  DISCARDED) 


Fig.  4-7  CSDL  No.  2  Model  (Artist's  Conception) 


4.5.1  THE  CSDL  NO.  2  STRUCTURAL  MODEL  AND 
DISTURBANCES 


Fig.  4-8  Principal  Lumped  Masses  in  CSDL  No.  2 
(Masses  in  Relative  Proportional  Size) 


ACOSS  DRAPER  MODEL 


Fig,  4-9  Computer-Graphic  Display  of  CSDL 
No.  2  (All  Beam  Elements  Shown) 
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4.5.1  THE  CSDL  NO.  2  STRUCTURAL  MODEL  AND 
DISTURBANCES 


To  complete  the  structural  scenario,  two 
perturbation  models  were  also  included  in  the 
CSDL  No.  2  design.  Combined  lumped-mass 
perturbations  and  beam  stiffness  perturbations 
are  obtained  by  changing  the  thickness  of  the 
25-cm  diameter  graphite  epoxy  hollow  tubes  used 
in  the  metering  truss.  The  locations  of  these 
perturbations  are  shown  in  Fig.  4-10,  and  their 
specific  descriptions  are  given  in  Tables  4-2 
and  4-3,  where  Pq  denotes  the  nominal  model 
and  P2  and  P4  the  perturbed  models.  The 
latter  two  models  are  used  to  evaluate  the 
control  laws  designed  for  Pq  and,  hence,  pro¬ 
vide  a  specific  test  for  control-system  robust¬ 
ness.  The  frequencies  of  the  first  44  flexible 
modes  for  Pq  are  given  in  Section  4.5.2, 

Table  4-4.*  Natural  damping  was  assumed  to  be 
0.1  percent  for  all  modes. 


9  LUMPED  MASS  PERTURBATION 


Fig.  4-10  CSDL  No.  2  Model  Perturbation 
(Qualitative) 


Table  4-2 

DESCRIPTION  OF  MEMBER  PERTURBATIONS 

MEMBER 

NO. 

NODE 

A 

NODE 

B 

NOMINAL 

MODEL 

PO 

PERTURBED 

MODELS 
■P2  P4 

PROPERTY  400 

PROPERTY 

PROPERTY  1 

PROPERTY  2 

(NOMINAL) 

76 

8 

14 

400 

1 

1  25  cm  di a  X  0.10  cm 

25  cm  dia  x  0.025  cm 

25  cm  dia  X  0.05  cm 

80 

9 

15 

400 

1 

2  ROUND  TUBE 

ROUND  TUBE 

ROUND  TUBE 

81 

11 

17 

400 

1 

1 

85 

13 

19 

400 

1 

2  A  =  7.823x10-4 

A  =  1.962x10-4  m2 

I  =  3.0496x10-6  m4 

99 

15 

32 

400 

1 

2 

101 

17 

33 

400 

1 

2  I  =  6.063x10-6  m4 

I  =  1.539x10-6  m2 

I  =  3.0496x10-6  m4 

J  =  1.213x10-5  m4 

J  =  3.059x10-6  m4 

J  =  6.099x10-6  m4 

*These  were  obtained  using  SPAR,  a  large-scale 
Structural  dynamics  analysis  program  (available 
through  the  COSMIC  library)  whose  detailed 
numerical  procedures,  structural  reduction, 
eigen-computations,  etc.,  are  implemented  dif¬ 
ferently  than  in  NASTRAN.  SPAR  was  used  for 
comparison  purposes,  and  for  the  first  68  modes, 
frequencies  varied  less  than  0.1  percent  com¬ 
pared  with  NASTRAN.  In  Table  4-4,  m.odes  1 
through  6  represent  rigid-body  modes. 


Table  4-3 

DESCRIPTION  OF  MASS  PERTURBATIONS 


NODE  NO. 

NOMINAL 
MODEL  PO 

PERTURBED 

P2 

MODELS 

P4 

27 

375 

350 

375 

28 

375 

350 

375 

29 

375 

350 

375 

30 

375 

350 

375 

32 

500 

500 

550 

33 

500 

500 

450 

34 

250 

300 

300 

35 

250 

250 

200 
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4.5.2  THE  CSDL  NO.  2  LINE-0F-SI6HT  CONTROL 
PROBLEM 


The  disturbance  model  consists  of  two  sinusoidal 
forces  applied  to  a  point  on  the  upper  optical 
structure  and  a  point  on  the  equipment  section 
below  the  isolators,  as  shown  subsequently  in 
Fig  4-11.  These  forces  simulate  onboard  vibra¬ 
ting  equipment,  and  it  is  assumed  that  they  act 
simultaneously. 

4.5.2  The  CSDL  No.  2  Line-of-Sight  Control 
Problem 

To  define  a  control  problem  for  the  CSDL  No.  2 
configuration,  a  performance  metric  is  required. 
This  is  chosen  to  be  the  line-of-sight  (LOS) 
error,  i.e.,  the  displacement  of  the  image  of  a 
target  when  the  structure  deforms  under  the 
influence  of  the  two  onboard  sinusoidal  distur¬ 
bances.  The  mathematical  model  giving  ‘the  dis¬ 
placement  law  is  decribed  in  Ref.  17,  wherein 
it  must  be  assumed  that  the  coordinates  x^, 
yi  of  the  image  point  are  chosen  to  be  zero. 

The  LOS  error  is  a  vector  with  components  LOSX 
and  LOSY  in  the  focal  plane,  and  is  a  function 
of  the  transverse  defocus  (X,Y).  The  defocus 
itself  is  denoted  by  Z,  and  together  X,  Y,  Z  are 
linear  functions  of  the  16  optical  variables: 

Xp«  Yp,  Xt,  Yt,  Xf,  Yf,  Zp,  Zj, 

Zt.  Zf,  oXp,  oYp,  eXs,  oYs,  eXt,  oYt, 


where  the  Xi,  Yi,  Z,,  oXi,  eYi  refer  to  the 
translations  and  rotations  in  the  global  x,  t 
and  Z  directions  of  the  primary  (p),  secondary 
(s),' tertiary  (t),  and  focal  plane  (f).  These 
16  optical  variables  are,  in  turn,  linear 
functions  of  21  variables  which  are  X,  Y,  or  Z 
coordinates  of  12  particular  nodes  whose  dis¬ 
placements  control  the  geometry  of  the  optical 
path.  These  21  variables  are  therefore  the 
physical  coordinates  of  LOS  and  correspond  to 
21  degrees  of  freedom  of  the  structure. 

Indeed,  each  of  these  physical  coordinates  can 
now  be  given  its  modal  expansion  in  terms  of  the 
structure's  mode  shapes,  and  the  resulting 
transformation: 


LOS  >  OPTICAL  VARIABLES  >  PHYSICAL 
COORDINATES  *  MODAL  COORDINATES 

gives  rise  to  the  modal  expansion  of  the  LOS. 
More  importantly,  it  suggests  directly  that,  in 
order  to  control  the  LOS,  one  should  control  its 
physical  coordinates  where  actuators  can  be 
placed.  And  indeed,  the  control  actuators  and 
their  locations  were  chosen  to  correspond  to 
these  21  degrees  of  freedom  at  the  12  particular 
nodes  involved,  as  shown  in  Fig.  4-11. 
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f'^.  4-11  Disturbances  and  Actuator /Sensor 
Locations  for  CSDL  No.  2 


The  performance  requirements  are  specified  by 
the  total  LOS  error  defined  as  the  quantity 

LOS  ^  V  (LOSX)^  +  (LOSY)^  . 


The  contribution  of  each  flexible  mode  to  LOS 
can  be  calculated  as  follows.  For  simplicity, 
denote  ('»=1«Z)  the  quantities  LOSX 
and  JLi  =  LOSY.  The  expression  of  LOS  in  terms 
of  its  physical  coordinates  is  then  of  the  form 

4  =  ^  4i  ’‘i 

-  IT  (4.83) 

^  '-on  %  •  ^'-on  ^  ^4i  ^n^ 

in  which  the  modal  expansion  x,  =  Sp  ^inRn 
was  used.  The  maximum  value  S-n  of  L(,pqn(t) 
represents  the  contribution  of  the  nth  mode  to 
the  components  of  the  LOS  error.  The  modal 
amplitude  qp  is  obtained  from  the  structural 
transfer  function  defined  in  Eq.  (4.8)  of  Sec¬ 
tion  4.2.1,  and  its  maximum  is  the  sum  of  the 
amplitudes  corresponding  to  the  two  sinusoidal 
disturbance  frequencies  ujc  (k  =  1,2).  Thus: 


on 


max 


'-on% 


T 


1l 


on  ^kn 


\l,  2  2,2 

V(o.k-«n) 


*.  /i>-2  2  2 

*■  4£„ui,  *) 
n  K 


n 

(4.84) 
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where  denotes  the  magnitude  of  the  kth 
disturbance.  Finally,  the  contribution  oF'the 
nth  node  to  the  LOS  error  is  defined  by 


The  control  problem  is  to  reduce  the  LOS  error 
produced  by  the  two  steady-state  disturbances 
to  a  value  below  a  specified  level.  The  dis¬ 
turbance  magnitudes  and  the  performance  toler¬ 
ances  used  in  this  analysis  were  based  on  pre¬ 
liminary  CSDL  estimates,*  and  are  as  follows: 

Upper  truss  disturbance:  10  N  at  10  Hz 
Lower  truss  disturbance:  20  N  at  5  Hz 
LOS  tolerance:  50  x  10-9  rad  1  Performance 
Defocus  tolerance:  25  x  10-6  m  1  Requirements 


Table  4-4 

SYSTEM  MODES  AND  THEIR  CONTRIBUTIONS 
TO  THE  LINE-OF-SIGHT  ERROR 


MODE 

NO. 

NATURAL 

FREQ. 

MODAL 

LOS  ERROR 
(nrad) 

MODE 

NO. 

NATURAL 

FREQ. 

MODAL 

LOS  ERROR 
(nrad) 

4 

0.000 

98 

28 

8.11 

67 

5 

0.000 

66 

29 

8.35 

124 

6 

0.000 

— 

30 

8.57 

630 

7 

0.145 

41 

31 

8.78 

1 

8 

0.263 

— 

32 

8.80 

— 

9 

0.317 

— 

33 

11.32 

— 

10 

0.333 

7 

34 

11.49 

45 

11 

0.443 

__ 

35 

12.72 

382 

12 

0.578 

65 

36 

13.52 

115 

13 

.581 

12 

37 

13.71 

334 

14 

1.22 

113 

38 

14.16 

37 

15 

1.30 

— 

39 

15.65 

59 

16 

1.34 

175 

40 

16.07 

35 

17 

1.72 

6 

41 

16.52 

47 

18 

1.81 

— 

42 

16.74 

48 

19 

1.81 

— 

44 

17.15 

87 

20 

1.88 

— 

44 

17.82 

30 

21 

2.36 

633 

45 

19.07 

93 

22 

2.98 

365 

46 

23.77 

3 

23 

3.17 

_ 

47 

24.41 

39 

24 

3.38 

815 

48 

25.91 

17 

25 

5.16 

— 

49 

26.27 

— 

26 

5.26 

143 

50 

26.36 

200 

27 

7.87 

n — These  were  subsequently  revised,  and  in 
Ref.  17  they  have  been  scaled  up  by  a 
factor  of  20.  Since  these  quantities  scale 
linearly,  the  control  problem  remains 
unchanged. 


4.5.3  CONTROL  DESIGN  FOR  CSDL  NO.  2 


The  LOS  open- loop  performance  of  CSDL  No.  2, 
obtained  from  Eqs.  (4.83),  (4.84),  and  (4.85), 
is  972  nrad.  The  axial  defocus  already  meets 
the  requirements  and,  hence,  is  discarded  from 
further  consideration.  The  LOS  error  can  be 
broken  down  into  its  modal  components  defined 
in  Eq.  (4.85)  and  listed  in  Table  4-4  for  the 
first  44  flexible  modes  and  3  rigid-body  rota¬ 
tional  modes. 

4.5.3  Control  Design  for  CSDL  No.  2 

Active  control  is  clearly  required  to  meet  the 
LOS  requirements.  Conventional  vibration  con¬ 
trol  imparts  damping  to  all  structural  modes  so 
as  to  reduce  the  overall  response  of  the  struc¬ 
ture.  Unfortunately,  for  steady-state  dis¬ 
turbances,  structural  damping  often  fails  to 
achieve  the  expected  result  and  may  even  worsen 
the  performance.  As  a  test,  30  percent  damping 
was  assumed  to  be  present  in  all  modes.  The 
total  LOS  error  with  damping  was  found  to 
increase  from  972  nrad  to  1131  nrad.  This 
phenomenon  can  be  explained  with  reference  to 
Fig.  4-12,  which  shows  the  ratios  of  transfer 
functions  (LOS/disturbance)  obtained,  respec¬ 
tively,  for  the  assumed  30  percent  and  the  nom¬ 
inal  0.1  percent  damping  ratios.  Near  the 
disturbance  frequencies,  these  ratios  are 
larger  than  1  in  three  cases  out  of  four. 

Simi lar  resu Its  are  obtained  when  there  are  no 
rigid-body  modes  (Table  4-5). 


Table  4-5 

EFFECT  OF  PASSIVE  DAMPING  ON  LOS  PERFORMANCE 

WITHOUT 

WITH  30 
PERCENT 

CONTROL 

PASSIVE 

(nrad) 

DAMPING 

No  Rigid-Body  Modes 

990 

1,180 

With  Rigid-Body  Modes 

972 

1,131 

The  conclusion  to  be  drawn  from  this  example  is 
that  damping  augmentation  does  not  work  in  all 
cases.  Its  effectiveness  depends  specifically 
upon  the  type  of  disturbance  and  the  distribu¬ 
tion  of  the  modal  frequencies  in  the  distur¬ 
bance  spectrum.  The  approach  which  is  taken 
here  to  solve  the  CSDL  No.  2  control  problem  is 
based  on  the  control-design  method  of  Section 
4.3.  A  quadratic  performance  criterion  which 
contains  explicitly  the  effect  of  the  two 
disturbances  is  optimized.  Thus,  the  LOS  error 
due  to  these  5-Hz  and  10-Hz  disturbances  is 
strongly  reduced,  while  the  overall  system  is 
stable. 
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Fig.  4-12  Ratio  of  Transfer  Functions 

The  overall  procedure  for  a  disturbance- 
rejecting  controller  design  is  shown  in 
Fig.  4-13.  As  was  stated  in  Section  4.5.2,  21 
single  degree-of-freedom  force  actuators  were 
selected  to  control  the  physical  coordinates  of 
the  LOS.  These  actuators  are  located  at  the 
structural  nodes  shown  in  Fig.  4-11.  Corres¬ 
pondingly,  21  sensors  colocated  with  these 
actuators  and  measuring  displacement  rates  are 
introduced  for  the  low-authority  controller 
(LAC). 

The  high-authority  controller  (HAC)  uses  only 
three  measurements:  the  two  LOS  errors  (LOS^ 
and  L0Su)and  the  rigid-body  angular  rotation 
8z.  This  last  measurement  is  necessary  to 
control  the  attitude  of  the  spacecraft  about  the 
z-axis,  which  is  otherwise  not  observable 
through  the  line  of  sight.  These  measurements 
may  be  obtained  directly  by  optical  means  or 
reconstructed  from  structural  information  and 
kinematics. 


4.5.3  CONTROL  DESIGN  FOR  CSDL  NO.  2 


(30%  damping/0.1%  damping)  (See  Text) 


Fig.  4-13  Control  Design  Approach 
for  Disturbance  Rejection 
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4.S.3  CONTROL  OESIGN  FOR  CSOI.  NO.  ? 


Three  modes  (20,  33,  and  49)  were  first  dis¬ 
carded  from  the  initial  model  because  they  were 
neither  observable  nor  controllable.  The  eval¬ 
uation  model  thus  contains  3  rigid-body  modes 
and  41  flexible  inodes.  The  reduced  model  was 
obtained  by  selecting  ten  modes  with  the 
highest  controllability-observability  product 
and  the  two  modes  with  highest  modal  cost,  as 
shown  in  Table  4-6.  This  12-mode  model  (which 
includes  the  3  rigid-body  modes)  is  used  for 
control  design.  Since  the  disturbances  occur 
at  the  two  discrete  frequencies  (5  and  10  Hz), 
the  following  state  penalty  is  used  in  the 
design: 

r°°  2  2  T 

J  =  /  [T(jw)  [LOS^  +  LOS  ]  +  bu  u]  da.  , 

L  (4.86) 

where  the  frequency-shaping  weight  is  given  by 


T  (jo.) 


4  ,  10 

(J  -  lOOn^)^  (a.^  -  400ir^)^ 

(4.87) 


REQUIRES  FOUR  ADDITIONAL  MODES 
IN  CONTROL  DESIGN 

Fig.  4-14  Frequency-Shaped  Weights  for  Dis¬ 
turbance  Rejection 


A  plot  of  T(ja)) 
shown  in  Fig.  4-14 
selected  to  ensure 
the  closed  loop  is 


as  a  function  of  frequency 
.  The  control  weight  b  is 
that  the  control  effort  in 
not  excessive. 


is 


ie  24  states  of  the  reduced  model  are  estimated 
/  a  Kalman  filter  to  which  the  8  additional 
bates  necessary  for  frequency  shaping  are  ap- 
=nded.  The  overall  structure  of  the  con- 
roller/filter  is  shown  in  Table  4-7.  The 
easurement  vector  y  is  used  directly  as  input 
0  the  estimator.  In  the  reduced  model,  this 
easurement  is  approximated  by  yo  based  on  a 
educed  number  of  states.  The  quadratic  weights 
sed  in  the  design  are  given  in  Table  4-8,  and 
he  resulting  closed-loop  filter  and  controller 


Table 

MODE  SELECTION  FOR 

4-6 

HAC  (12  MODES) 

ORDERING 

ORDERING 
BASED  ON 

ORDERING  BASED  ON 

BASED  ON 

CONTROL- 

OBS/CONTROLLABILITY 

MODAL  COST 

LABILITY 

PRODUCT 

-*24 

21 

-21 

21 

28 

-30 

30 

30 

-  17 

-*22 

17 

-28 

16 

12 

-  4 

26 

11 

^  5 

29 

13 

-*  6 

14 

4 

-12 

4 

-13 

28 

-  7 

5 

HAC  MODES 

Table  4-7 

FREQUENCY-SHAPED  CONTROLLER/FILTER  STRUCTURE 

Reduced  model  for  optimal 

control  synthesis 

X  =  FqX  +  GqU  +  TqW 

24-state  model 
(12  modes) 

i  +  M  yo 

8  frequency¬ 
shaping  states 
(2  frequencies) 

X 

o 

II 

o 

N 

3  measurements 

Controller 

u  =  CqX  +  C^? 

21  controls 

Estimator 

^  =  FqX  +  GqU  + 

K(z  -  LqX) 

Kalman  filter 
(24  states) 

i  =  +  Mz 

frequency¬ 
shaping  states 
(8  states) 

U  =  CqX  +  C^^ 

control  law 
(21  controls) 
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4.5.3  CONTROL  DESIGN  FOR  CSDL  NO.  2 


Table  4-8 

CONTROL  AND  FILTER  WEIGHTING  USED  IN  THE  DESIGN  (NONZERO  ELEMENTS) 

State  Penalty  Weighting 

A'-,  (  1  !)•  I.OOO  n-l  AS  (  P.  ?)-  1  r>00  04  AS 

(  1.  3) 

1  OOO- 04 

AS 

(  4  ,  4  )  “ 

c 

c 

c 

AS  (  S.  !S)  1.000  04  AS  (  fj .  SJ-  1.000  04  AS 

(P7.P7) ^ 

1  ooo*o:) 

AS 

( 2n . 26  )  - 

1  .  ooo  *  0.3 

AS  Cll.  HI-  4,000»-OP  AS  (IP.IIP)-  4,OOOiO? 

Control  Penalty  Weighting 

1?  (1.1)-  p  000  1  1  R  (  1  .  P  )  -  p  000  HR 

(  I ,  :i)- 

p .  or)o  1 1 

I? 

(  1.4)- 

P , OOO ■  1  1 

R  (  1.  Til-  -J  000  11  R  (  1.  r,  )-  2  000  1  !■  R 

(  1  ,  7  )  - 

P  O^’iO  1  1 

R 

(  1 .  n  )- 

P  OOO  1  1 

R  (1.  q)-  2  000-  li  R  (  1.10)--  2.000  11  R 

(  1,11)= 

?  ooo  1  1 

R 

(  1  .  I2)  = 

P , ooo • 1 1 

R  1  1,l;n-  P  000-11  R  (  1.14)-  P.OOO  11  R 

(  1  ,  1f»)  - 

P . ooo  1 1 

R 

(  1  .  16)- 

P . ooo ' 1 1 

R  (  l.r.M-  P  ooo  11  R  (  1.10)-  P.OOO  11  R 

(  1  .  10)- 

p  ooo  *  1  1 

R 

(  1 . PO  )  = 

P , 000 ' 1 1 

R  (  1,21)-  2 . 000  1 1 

state  Noise  Distribution  Used  for  Filter  Design 

0  (1  1)-  1  ooo-ofi  0  (  n.  p)*^  1,000  on  n 

(  r>,  .T)- 

1  .ooo -Of) 

0 

(  7.  4)- 

1  000*00 

n  (  q.  5)'-  1  000100  0  (ii.  r)-  i.ooo'ooo 

(13,  7)- 

1  000*00 

n 

(  16.  6)-= 

1 .000*00 

0  (  1 7 .  q ) -  1 . 000 1 00  0  (  1 q , 1 0 1 ’  i . ooo  < on  o 

(PI,  ID* 

1  ,r)O0*0O 

n 

(23. 12)- 

1  000*00 

State  Noise  Covariance 

W  (1.1)--  1  .  ooo  0  1  W  (1,2)-  1  .  OOO  0 1  w 

(  1. 

1  ooo  01 

w 

(  1 .  4)- 

1  000  04 

w  (  1.5)-  1  OOO -0-1  w  (  1,  r. )•>  i.ooo-oii  w 

(  1  .  7)^ 

1 , OOO  04 

w 

(  1  .  n  )  = 

1 ,000-04 

w  (  1 ,  n )  -  1 ,  ooo -O')  w  (  1 ,  10)-='  t ,  ooo -O'!  w 

(  1 .  1 1)*- 

1 .ooo  04 

w 

(  1  .  IP  1  - 

1  000  04 

Measurement  Distribution  Matrix 

M  (  1.  2)’  t.OOO'OO  M  (  1.  H)-  -2.577-07  M 

(  1.10)- 

7  361  04 

M 

(  1  .  I2)  = 

2.416  06 

M  (  I.M)-  2,73H-05  M  (  2.212  05  M 

(  1.10)  = 

1  346-04 

(4 

(  1.20)= 

r?. 610-07 

M  (  1,22)-  .1,27,2-0-1  M  (  1.24)=  1  067-02  M 

(  P.  4)-^ 

1 .000*00 

M 

(  2.  B)= 

3. P54-04 

M  (  2,10)-  -6,000-06  M  (  2.12)=  0.73104  M 

(  2.14)= 

P  776  03 

M 

(  P  .  16)t 

1  . 376  Op 

M  (  2,  Ifl)-  2  (34  06  M  (  2.20)-  4.542  04  M 

(  P.P?) 

-  1  .  /O"  OP 

M 

(  2.24)- 

1  .  130-06 

M  (  1.  R)'  1.000*00 

Measurement  Noise  Covariance 

V  (  1  ,  1  )  •■  5 .  OOO  1  1  V  (1.2)''  5  OOO  -  1  1  V 

(  1  , 

r>  o*'o  1  1 

Table  4-9 

CLOSED-LOOP  HIGH-AUTHORITY-CONTROL  (HAC) 
DESIGN 


OPEN-LOOP  FREQ. 
(Hz) 

CLOSED-LOOP 

STATE 

UODE  NO 

CONTROL 

ESTIMATOR 

DAMPING  RATIO 

DAMPING  RATIO 

4 

Rigid  Body 

0.74 

0.70 

5 

Rigid  Body 

0.78 

0.71 

6 

Rigid  Body 

0.T3 

0.71 

7 

0.14S 

0.009 

0,247 

12 

0.578 

0,014 

0.039 

13 

0.581 

0,012 

0.046 

17 

1.72 

0.021 

0.017 

21 

2.36 

0.127 

0.044 

22 

2.99 

0,001 

0.001 

24 

3.39 

0.001 

0.001 

28 

8.118 

0.004 

0.001 

30 

8.57 

0.046 

0.005 

FREQ.- 

SHAPING 

NODES 

&.0 

0.028 

5.0 

10.0 

10.0 

0.057 

0.011 

0.036 

damping  ratios  are  given  in  Table  4-9.  The  HAC 
filter  gains  (matrix  Ki)  and  control  gains 
(matrix  C),  depicted  subsequently  in  Fig.  4-17, 
are  listed  in  Appendix  B. 


The  LAC  law  is  designed  separately  to  minimize 
spillover.  The  model  used  for  LAC  synthesis 
includes  the  12  modes  used  for  HAC  plus  10 
additional  modes  chosen  outside  of  the  HAC 
bandwidth  on  the  basis  of  their  control¬ 
lability.  The  HAC/LAC  mode  selection  is  shown 
in  Table  4-10.  The  LAC  control  law  is  defined 
by  the  diagonal  gain  matrix  Cl  relating  the 
21  measured  velocities  at  the  actuator  loca¬ 
tions  to  the  corresponding  21  actuator  forces. 
These  LAC  gains  are  selected  to  provide  approx¬ 
imately  3  percent  damping  in  all  modes. 

Because  of  variation  in  level  of  control¬ 
lability  from  mode  to  mode,  it  is  possible  to 
achieve  this  condition  only  approximately. 

Table  4-lla  shows  the  LAC  control  design,  and 
Table  4-llb  gives  the  LAC  gains. 
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4.5.3  CONTROL  DESIGN  FOR  CSDL  NO.  2 


4.  TECHNOLOGY  PRIMER 


4.5.4  PERFORMANCE  EVALUATION  FOR  CSDL  NO.  2 
NOMINAL  AND  PERTURBED  MODELS 


Table  4-lla 

CLOSED-LOOP  LOW-AUTHORITY  CONTROL  (LAC) 

DESIGN 

MODE^ 

NO. 

CLOSEO-LOOP 
FREQUENCY  (Hz) 

DAMPING 

(*) 

MODE 

NO. 

CLOSEO-LOOP 
FREQUENCY  (Hz) 

DAMPING 

(5^) 

1 

0.000 

0.0 

25 

5.161 

0.1 

2 

0.000 

0.0 

26 

5.260 

0.1 

3 

0.000 

0.0 

27 

7.874 

0.1 

4 

0.000 

100.0 

28 

8.139 

7.6 

5 

0.000 

100.0 

29 

8.355 

0.1 

6 

0.000 

100.0 

30 

8.561 

6.5 

7 

0. 151 

40.5 

31 

8.785 

0.1 

8 

0.259 

25.4 

32 

8.805 

0.1 

9 

0.293 

100.0 

33 

11.516 

3.0 

10 

0.336 

3.1 

34 

12.780 

3.5 

11 

0.359 

2.8 

35 

13.525 

0.1 

12 

0.543 

100.0 

36 

13.721 

2.7 

13 

0.574 

20.1 

37 

14.162 

1.7 

14 

0.583 

8.2 

38 

15.712 

2.0 

15 

1.224 

0.1 

39 

16.103 

1.6 

16 

1.302 

0.6 

40 

16.557 

3.5 

17 

1.345 

0.4 

41 

16.635 

2.4 

18 

1.739 

11.7 

42 

17. 150 

4.2 

19 

1.818 

0.1 

43 

17.738 

3.6 

20 

1.819 

0.1 

44 

18.994 

3.2 

21 

2.246 

31.9 

45 

23.825 

0.9 

22 

2.989 

0.1 

46 

24.351 

4.9 

23 

3.175 

0.1 

47 

25.893 

0.7 

24 

3.386 

0.1 

48 

26.323 

3.1 

^  Closed-loop  modes  1  through  6  correspond  to  attitude 
and  attitude  rate  rigid-body  modes. 


Table  4-llb 

LAC  G.AINS  Cl 

ACTUATOR 

GAIN 

ACTUATOR 

GAIN 

NO. 

N/ms”^ 

NO. 

N/ms“^ 

1 

-548 

12 

-43.9 

2 

-8150 

13 

0.0 

3 

-9830 

14 

-3380 

4 

0.0 

15 

-7120 

5 

-458 

16 

-3850 

6 

-2380 

17 

-3450 

7 

-5470 

18 

-583 

8 

-12800 

19 

0.0 

9 

-220 

20 

-94.6 

10 

-6410 

21 

-3500 

11 

-6620 

4.5.4  Performance  Evaluation  for  CSDL  No.  2 
Nominal  and  Perturbed  Models 

The  HAC/LAC  controller  performance  evaluation 
combines  the  HAC  controller/f i Iter  equations 
(shown  in  Table  4-7),  the  LAC  control  law,  and 
the  44-mode  evaluation-model  equations.  The 
total  system  is  of  order  120.  Stability  is 
evaluated  by  determining  the  complex  eigen¬ 
values,  which  are  summarized  in  Table  4-12.  A 
significant  feature  of  the  design  is  that  no 
pole  has  a  lower  damping  ratio  in  closed  loop 
than  in  open  loop.  The  evaluation  of  the  LOS 
error  is  obtained  by  computing  the  steady-state 
responses  at  5  and  10  Hz  using  the  complex 
equation: 

Z  =  -  FJ-^  ljW|^  ,  j  =  vPl  (4.88) 

where  Z  is  the  LOS  error  vector  (whose  compo¬ 
nents  have  complex  amplitudes),  w^  is  the 
magnitude  of  the  disturbance  at  the  frequency 
u|(/2it,  and  the  matrices  Fj,  I"s  ^nd  Hj 
correspond  to  the  total  closed-loop  system 
defined  by  the  equations 


=  HjX  . 


Table  4-12 

CLOSED-LOOP  POLES  flTH  HAC/UC  CONTROLLER 

CU)3ED- 

CLOSED- 

LOOP 

MODE 

FREQUENCY 

DAMPING 

LOOP 

MODE 

FREQUENCY 

DAMPING 

.0309 

0.7448 

32 

4.9331 

0.0486 

2 

.0337 

0.7071 

33 

5.0124 

0.0303 

3 

.0337 

0.7048 

34 

5.1613 

0.0010 

.0349 

0.8741 

35 

5.2599 

0.0010 

5 

.0441 

0.7901 

38 

7.8743 

0.0010 

6 

.0565 

0.7883 

37 

8.1183 

0.0011 

7 

.1147 

0.5258 

38 

8.1344 

0.0774 

8 

.1551 

0.2400 

39 

8.3552 

0.0010 

B 

.2428 

0.2458 

40 

8.5529 

0.1157 

10 

.2792 

1 . 0000 

41 

8.5726 

0.0047 

11 

.3341 

0.0337 

42 

8.7853 

0.0010 

12 

.3587 

0.0276 

43 

8.8050 

0.0010 

13 

.5584 

1 . 0000 

44 

9.9678 

0.0299 

14 

.5680 

0.2134 

45 

9.9787 

0.0069 

15 

.5786 

0.0397 

46 

11.5158 

0.0300 

16 

.5823 

0.0463 

47 

12.7838 

0.0362 

17 

.5854 

0.0911 

48 

13.5252 

0.0010 

18 

1.22.36 

0.0012 

49 

13.7254 

0.0277 

19 

1.3020 

0.0057 

50 

14.1829 

0.0169 

20 

1.3450 

0.0043 

51 

15.7052 

0.0205 

21 

1.7216 

0.0186 

52 

16.1059 

0.0171 

22 

1.7413 

0.1291 

53 

16.5566 

0.0353 

23 

1.8178 

0.0010 

54 

16.6335 

0.0240 

24 

1.8188 

0.0010 

55 

17.1482 

0.0423 

25 

2.2428 

0.4756 

56 

17.7449 

0.0354 

26 

2.3678 

0.0441 

57 

18.9932 

0.0322 

27 

2.9885 

0.0012 

58 

23.8244 

0.0090 

28 

2.9886 

0.0010 

59 

24.3511 

0.0488 

29 

3.1753 

0.0012 

60 

25.8923 

0.0067 

30 

31 

3.3860 

3.3864 

0.0011 

0.0012 

61 

26.3284 

0.0308 
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The  magnitude  of  the  vector  sum  of  x-axis  and 
y-axis  LOS  error  is  found  to  be  0.013  nrad. 

The  larger  than  four-order-of-magnitude  reduc¬ 
tion  in  the  LOS  error  is  in  striking  contrast 
to  the  relatively  small  closed-loop  damping 
ratios,  showing  that  large  performance  improve¬ 
ments  do  not  necessarily  require  large  increases 
in  damping  ratios.  This  significant  result  is 
indeed  typical  of  the  application  of  optimal 
control.  It  exemplifies  the  difference  between 
the  colocated  LAC  system  which  locally  absorbs 
vibrational  energy,  and  the  HAC  system  which 
judiciously  redistributes  it,  producing  favor¬ 
able  cancellations  so  as  to  optimize  the  per¬ 
formance.  However,  this  latter  controller  can 
be  much  more  sensitive  to  model  errors,  and  this 
Sensitivity  may  be  evaluated  on  perturbed 
models. 

Evaluation  on  perturbed  models.  The  two  per- 
turbed  models  and  P4  described  i n 
Section  4.5.1  are  used  to  evaluate  the  previ¬ 
ously  described  HAC/LAC  controller.  The  trans¬ 
fer  functions  between  the  x-axis  LOS  error  and 
the  upper-disturbance  input  are  compared  in 
Fig.  4-15  for  the  nominal  and  the  two  perturbed 
models.  There  is  a  significant  change  in  the 
P2  transfer  function  around  10  Hz,  where  an 
interchange  between  modes  30  and  32  occurs. 

This  can  be  seen  in  Table  4-13  where  the  LOS 
modal  contributions  are  compared  for  the 
three  models,  allowing  mode  30  to  be  tracked 
through  the  perturbations  P2  and  P4.  The 
controller  is  stable  for  perturbed  model  P4. 
However,  stability  with  P2  requires  only  the 
knowledge  of  the  natural  frequency  of  mode  30 
(which  had  become  mode  32  and  was  no  longer 


Fig.  4-15  LOSX  Frequency  Resj)onses  to  Sinusoidal 
Disturbance  of  Upper-Support  Truss,  Nominal  (PO) 
and  Perturbed  (P2,  P4)  Models 
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properly  represented).  LOS  errors  for  the 
three  models  are  compared  in  Table  4-14.  Table 
4-15  compares  the  open-loop  performance  to  the 
closed-loop  LOS  errors.  The  improvement  in 
performance  for  the  perturbed  models  is  of  the 
same  order  of  magnitude  as  for  the  nominal  model^ 

Controller  simplification.  Because  of  the  eight 
additional  states  required  by  the  implementation 
of  the  frequency-shaping  methods,  the  modified 
LQG  problem  from  which  control  gains  are  ob¬ 
tained  is  of  order  32.  For  practical  implemen¬ 
tation  reasons,  it  may  be  desirable  to  reduce 
this  order.  The  controller  is  simplified  by 
setting  the  control  and  filter  gains  correspond¬ 
ing  to  various  modes  to  zero.  Table  4-16  shows 


Table  4-13 

FREQUENCY  AND  LOS  OBSERVABILITY  COMPARISONS  - 
NOMINAL  AND  PERTURBED  MODELS 


MOOE  NO. 

OPEN 

-LOOP  FREQ  (Hi) 

LOS  MODAL  COMPONENTS^ 

FOR  MODEL 

FOR 

MODEL 

FLEX  1 

CDSL 

J  PO 

PO 

P4 

1 

7. 

.145 

.145 

.145 

.325 

.330 

.324 

3 

6. 

.363 

.363 

.363 

.314 

.203 

.318 

3 

9. 

.317 

.317 

.317 

.001 

.  00  1 

.005 

4 

10. 

.333 

.333 

.333 

.  339 

.337 

.330 

S 

1  1  . 

.443 

.443 

.443 

.  006 

.001 

.  023 

6 

13. 

.578 

.576 

.578 

.  736 

.724 

•  740 

7 

13. 

.561 

.581 

.561 

.  873 

.875 

.  873 

6 

14  . 

1  .334 

1  .334 

1  .334 

.  336 

•  31  3 

.344 

9 

15. 

1  .300 

1.301 

1  .300 

.  152 

.047 

.224 

10 

16. 

1  .  347 

1  .347 

1  .347 

.  159 

.  149 

1 1 

17. 

1.731 

1 .769 

1  .695 

3 

.  775 

3 

.046 

3 

■  096 

13 

IB. 

1 .618 

1.818 

1 .018 

.  001 

.003 

.  004 

13 

19. 

1.819 

1  .819 

1 .619 

.012 

.01  1 

.013 

14 

30. 

1 . 889 

1 .889 

1 .889 

.  001 

.001 

.  00  1 

IS 

31 . 

3.364 

3.437 

3.342 

13 

.  757 

13 

.769 

1  3 

.  C65 

16 

33. 

3.989 

3.969 

3.989 

.  1  35 

.118 

.  143 

17 

33. 

3.  175 

3.175 

3.  175 

.261 

.375 

.  358 

16 

24. 

3 . 386 

3.386 

3. 366 

.  454 

.476 

.442 

19 

35. 

5. 161 

5.161 

5.161 

.  000 

.000 

.000 

30 

3o . 

5.360 

5.360 

5.360 

.034 

.037 

■  042 

31 

37  . 

7 . 874 

7  .874 

6.863 

.  000 

.  000 

13 

.  731 

33 

38. 

6.116 

6.355 

7.074 

1 

.  756 

.064 

.  000 

33 

39. 

8.355 

8.705 

8.355 

.  383 

.003 

.151 

34 

30. 

a. 573 

0.605 

8.463 

10 

.  668 

.012 

1  b 

35 

31 . 

8.765 

6. 651 

6.765 

.031 

3 

.713 

.  020 

36 

33. 

0.605 

9.601 

8.805 

,  052 

15 

.  390 

.  027 

37 

33. 

11.331 

11.331 

11.331 

,010 

.  002 

.015 

38 

34. 

1 1 . 499 

11.571 

11.467 

3 

337 

3 

.834 

2 

39 

35. 

13.737 

13.837 

12.697 

1  1 

00  1 

1  1 

.  357 

1  1  , 

30 

36. 

13.535 

13.535 

13.534 

52  1 

,  4J  1 

31 

37. 

1 J.7I6 

13.606 

13.613 

10 

1  1  . 

.315 

1  0  . 

.  863 

33 

38. . 

14. 163 

14.380 

14.  147 

7 

145 

4  . 

.  350 

6. 

33 

39. 

15.654 

16.094 

14.417 

14 

510 

10  . 

0i  6 

1  0 

34 

40. 

16.075 

16.553 

14.710 

10 

623 

14. 

.87  1 

7  . 

35 

41  . 

10.537 

17.300 

15.745 

7 

105 

5  . 

48l 

8 . 

530 

36 

43. 

16.748 

IB. 585 

16.571 

3 

953 

15. 

542 

1  1  . 

507 

37 

43. 

17.157 

19.001 

16.731 

0 

405 

5. 

091 

13. 

JU 

44 . 

17.839 

19.351 

17.365 

3 

440 

1  . 

096 

3. 

39 

45. 

19.073 

30.663 

19.937 

14 

472 

6. 

1  2 . 

40 

46. 

33.773 

35.180 

33.039 

30 

130 

35. 

158 

?5 

47 . 

24.416 

35.308 

34.531 

38 

331 

30. 

7  a:- 

39. 

43 

48. 

25.910 

25.934 

26.043 

13 

037 

34. 

C04 

9. 

43 

49. 

26.272 

36.373 

26.273 

000 

000 

44 

50. 

26.365 

27.004 

26.264 

17 

817  : 

21  . 

654 

18. 

493 

*  'O-OSln  =■•'>’  V  (LOSX)^  +  (LOSY)'  WHERE  (LOSX)  ARE  NTH 
*  "  n  n  • 


ELEMENTS  IN  FIRST  TWO  ROWS  OF  LOS  MATRIX 
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Table  4-14 

LOS  ERROR  AND  CONTROL  EFFORTS  FOR  NOMINAL  AND 
PERTURBED  MODELS 


Average  Control 
Effort  (N) 


Table  4-15 

COMPARISON  OF  OPEN-LOOP  AND 
CLOSED-LOOP  LOS  ERRORS 


OPEN 
LOOP 
(nrad) I (nrad) 


Nominal 

P2 

P4 


CLOSED  LOOP 

AS 

A 

FRACTION  OF 

OPEN 

LOOP 

13  X 

10-6 

9.2  X 

10^:6 

15  X 

10‘° 

AVERAGE 

CONTROL 

EFFORT 

(NEWTONS) 


three  simplified  controllers  (with  orders  30, 

26,  and  20);  the  simplificat-ion  does  not  degrade 
the  LOS  error  significantly,  and  the  control 
effort  is  also  the  same  as  for  the  full-order 
controller. 


Note  that  when  a  20th  order  controller  is  de¬ 
signed  directly,  the  closed-loop  system  is 
unstable. 


Robust  controller.  A  robust  controller  may  be 
designed  so  that  knowledge  of  the  natural  fre¬ 
quency  of  mode  30  is  not  required  for  stability 
of  perturbed  moded  P2.  The  robust  design  is 
obtained  by  increasing  the  control  penalty  and 
measurement  noise  covariance  by  a  factor  of  ten. 
The  robust  controller  is  stable  for  all  models. 
The  closed-loop  performance  for  P2  degrades 
from  0.016  nrad  to  0.046  nrad  (see  Fig.  4-16). 
This  result  illustrates  the  usual  trade-off 
between  maximum  performance  and  robustness. 
Slightly  relaxing  the  performance  requirement 
can  produce  large  improvements  in  system  robust¬ 
ness. 


Table  4-16 

CLOSED-LOOP  CONTROLLER  SIMPLIFICATION 


controller;  nominal 


12.7  12.7 


CONTROL  0.822  0.822  0.821  0.822 

EFFORT  (N) 


CONTROLLER  I  32 


OPEN  CONTROLLER  ROBUST 

LOOP  WHICH  REQUIRES  CONTROLUR 

KNOWLEOCE  OF 
FREQUENCV 


Fig.  4-16  A  Robust  Controller  for  P2 
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4.5.5  Matrix  Computational  Algorithms  for  CSDL 
No.  2 

Large  space  structure  modeling,  control  design, 
and  closed-loop  evaluation  require  numerical 
solutions  to  high-order  matrix  problems.  Stan¬ 
dard  digital  computer  procedures  used  success¬ 
fully  for  small-scale  problems  are  simply  not 
applicable  in  the  large  space  structure  case 
because  of  high  memory  storage  requirements  and 
numerical  instabilities.  In  addition,  a  signi¬ 
ficant  part  of  the  software  is  devoted  to  the 
manipulation  and  construction  of  the  various 
large  matrices  involved  in  the  control  syntheses 
and  evaluation  procedures.  The  CSDL  No.  2  model 
provides  a  good  example  to  illustrate  the  size 
and  type  of  the  software  operations  needed  for 
the  control  of  large  space  structures. 

In  the  CSDL  No.  2  example:  (a)  44  modes  are 
used  as  the  total  model  for  the  configuration; 
(b)  two  disturbances 


are  assumed  to  be  applied,  each  at  a  given 
structural  node;  and  (c)  21  single  DOF  control 
actuators  are  placed  on  the  structure.  The 
state  equations  then  take  the  form: 

x  =  FX+GU  +  rw,  (4.90) 
88x1  88x88  88x21  88x2 

where  the  matrix  dimensions  are  included.  The 
matrices  G  and  r  are  of  the  form  shown  in 
Eq.  (4.7)  of  Section  4.2.1. 


"REDUCED  MODEL")  in  Fig.  4-17,  which  depicts  the 
total  set  of  system  equations  required  for  the 
disturbance-rejection  control  system.  The 
third  and  fourth  equations  in  Fig.  4-17  repre¬ 
sent,  respectively,  the  Kalman  filter  and  the 
control  equation.  In  these,  the  measurement 
matrices  M  are  constructed  from  the  LOS  matri¬ 
ces  L  andL  which,  in  turn,  are  derived  from 
structural  “information  (modal  decomposition  of 
LOS).  The  matrices  F,  G,  and  r  (as  discussed 
earlier)  are  also  obtained  from  structural  data 
(mode  shapes),  while  the  gain  matrices  Kj,  C, 
and  Cl,  which  define  the  control  laws,  are 
obtained  from  modern  optimal  control  synthesis 
computer  programs.  (Figure  4-18  shows  the 
block  diagram  for  the  complete  CSDL  No.  2 
control  system.) 


Closing  the  loop  around  the  total  system 
equations  produces  a  "closed-loop  dynamics" 
matrix  Fg  (Fig.  4-19)  of  dimension  120x120, 
corresponding  to  an  aggregation  of  the  88 
open-loop  structural  states  with  32  filter 
states.  Complex  eigenvalues  and  eigenvectors 
cf  this  large  matrix  need  co  be  evaluated  in 
order  to  obtain  the  steady-state  solution  of 
the  differential  equation 


X 


(4.92) 


and  to  compute  the  associated  transfer  func¬ 
tions  like  those  shown  in  Fig.  4-12.  To  obtain 
the  closed-loop  system  performance,  this 
solution  X  is  substituted  into  the  measurement 
equation  (third  equation  of  Fig.  4-19): 


Equation  (4.90)  represents  only  the  initial  for¬ 
mulation  of  the  control  problem:  a  large  modal 
model  of  a  disturbed  structure  to  be  controlled 
by  a  control  vector  as  yet  to  be  determined. 

For  reasons  given  in  Section  4.3,  the  controller 
design  is  carried  out  on  a  reduced-order  model. 
For  example,  in  the  CSDL  No.  2  configuration, 
only  12  modes  were  deemed  as  important  for 
designing  the  required  type  of  control.  For 
this,  one  needs  also  the  equation: 

^0  =  l^o  ’'o  "  <^0“  ^  .  (4.91) 

24x1  24x24  24x21  24x2 

where  those  columns  of  $  (appearing  in  G  andr) 
corresponding  to  the  discarded  modes  as  well  as 
the  corresponding  w^'s  in  the  matrix  F  given 
in  Eq.  (4.7)  must  be  deleted. 

Equations  (4.90)  and  (4.91)  together  are  only 
the  first  two  equations  (denoted  by  "PLANT"  and 


z  =  [M  j  0]X  ,  (4.93) 

where  the  three  components  of  z  are  LOSX,  LOSY, 
and  DEFOCUS  respectively.  To  obtain  the  con¬ 
trol  effort  (forces),  X  is  substituted  into  the 
control  equation  (second  equation  of  Fig.  4.20): 

u  -  CX  +  C^G^X  ,  (4.94) 

where  the  two  terms  on  the  right-hand  side, 
which  correspond  to  the  HAC  and  LAC  control 
effort,  can  be  evaluated  separately. 

In  the  above  d’scussion,  the  path  from  the  ori¬ 
ginal  structural  concept  (e.g.,  CSDL  No.  2)  to 
the  final  closed-loop  evaluation  model 
(Fig.  4-19)  constitutes  the  dynamics  and  con¬ 
trols  modeling  process  for  controlled  flexible 
spacecraft.  Thus,  in  addition  to  the  expertise 
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required  to  design  and  synthesize  modern  optimal 
control  systems,  an  extensive  "preparation  of  a 
structure  for  controls"  process  is  also  an  es¬ 
sential  part  of  the  vibration  control  technology 
for  flexible  spacecraft.  Control  design  in¬ 
volves  extensive  manipulation  of  large  matrices 
(e.g.,  construction,  modification,  partitioning. 


aggregation,  algebraic  operations,  complex 
eigenanalysis,  etc.)  which  must  be  carried  out 
in  a  large-scale  digital  computer.  Referencing 
structural  dynamics  data  files  must  be  done  in 
such  a  way  that  any  change  in  the  files  (due  to 
model  refinement,  design  modification,  etc.) 
allows  one  to  repeat  the  entire  process  rapidly. 
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Section  5 

PROGRAM  CONCLUSIONS  AND  RECOMMENDATIONS 


The  control  design  and  successful  performance 
evaluation  activities  for  the  CSDL  No.  2  nomi¬ 
nal  and  perturbed  models  make  it  possible  now 
to  draw  several  important  conclusions  regarding 
the  model  itself  and  the  control  strategy  re¬ 
quired  to  address  disturbance  rejection  for  LSS. 
These  conclusions  relate  to:  (1)  the  adequacy 
and  value  of  the  CSDL  No.  2  model  as  a  generic 
test-bed  for  the  important  class  of  LSS  control 
problems  dealing  with  disturbance  rejection;  (2) 
the  evaluation  of  the  various  possible  control  - 
strategies  in  terms  of  the  physical  interpreta¬ 
tion  of  what  the  corresponding  optimal  control¬ 
lers  actually  do.  These  two  issues  will  be  dis¬ 
cussed  in  turn. 

Generic  Value  of  the  CSDL  No.  2  Model.  The 
CSDL  No.  2  structural  model,  together  with  its 
onboard  disturbances  and  LOS  performance  metric, 
has  emerged  as  an  excellent  example  of  a  struc¬ 
ture  embodying  the  essential  generic  character¬ 
istics  of  LSS  according  to  the  criteria  estab¬ 
lished  in  Section  4.1.2.  Two  important  charac¬ 
teristics  need  further  discussion  to  dispel 
common  misconceptions  regarding  the  nature  of 
the  disturbafiCt.  rejection  proLleii,  and  the  rele¬ 
vance  of  large  size  models  to  the  control  syn¬ 
thesis  for  actual  LSS. 

The  CSDL  No.  2  control  problem,  formulated  by 
DARPA  in  Phase  lA,  brought  to  light  a  new  class 
of  generic  LSS  problems  dealing  with  sinusoidal 
steady-state  disturbance  rejection  which  are 
different  from  the  initial  conditions/transient 
vibration  problems  addressed  earlier  in  Phase  1. 
While  damping  augmentation  (via  neoclassical  or 
modern  control  techniques)  was  adequate  in  that 
case,  early  and  brief  experimentation  on  CSDL 
No.  2  with  this  type  of  controller  indicated 
the  inadequacy  of  such  an  approach  because  of 
the  structure's  "stubborn  refusal"  to  yield 
satisfactory  performance  with  any  reasonable 
robustness,  control  effort,  or  number  of  actua¬ 
tors.  From  the  point  of  view  of  the  damping 
augmentation  approach,  CSDL  No.  2  may  have 
seemed  ill-designed  and  inadequate  to  represent 
a  Control-Configured  Vehicle  (CCV).  However, 
the  fallacy  of  this  notion  became  apparent  when 
the  basic  physics  of  the  problem  was  examined 
and  the  control  problem  reformulated  to  take  it 
into  account.  The  distinction  between  free 
oscillations  and  forced  vibrations,  which  is  at 
the  core  of  the  control  design  problem,  was  in¬ 
deed  well  illustrated  in  the  CSDL  No.  2  model. 

The  second  important  and  valuable  characteristic 
of  CSDL  No.  2  is  the  large  order  of  the  model 


coupled  with  the  assumed  parameter  uncertainty 
-  both  of  which  constitute  the  central  challenge 
in  the  LSS  control  problem.  This  characteristic 
mandates  the  design  of  reduced-order  control¬ 
lers  because  practical  implementation  of  full- 
order  controllers  is  not  feasible  at  present, 
and  because,  even  if  it  were,  the  unavoidable 
uncertainties  in  the  higher  modes  would  make  it 
excessively  parameter-sei:sitive.  In  addition, 
CSDL  No.  2  clearly  established  the  need  for 
large-scale  computational  capability  in  any  real 
application. 

Insofar  as  modeling/fidelity  issues  might  be 
raised*  with  the  CSDL  No.  2  model  (i.e.,  lumped- 
mass  versus  extended  rigid-body  modeling  of  the 
mirrors,  idealized  plate-inertias  versus  box- 
inertias  for  the  equipment  section,  etc.),  the 
authors  of  this  report  cannot  endorse  any  of 
them  as  meaningful  technical  challenges.  Such 
changes  would  modify  somewhat  the  numerical 
values  of  frequencies  and  modes  of  the  open-loop 
model,  but  are  of  no  consequence  for  control 
theory  methodology  and  have  no  impact  on  the 
generic  LSS  control  problem.  By  contrast,  gen¬ 
eral  iratior  ».f  the  sirusuidal  Jistur'i'ancc  mci'*e1 
to  a  more  complex  model  (specified  by  its  power 
spectral  density)  poses  a  useful  challenge  worth 
resolving  in  Phase  II.  While  this  disturbance 
model  change  may  require  some  refinement  of  the 
frequency-shaping  technique,  the  important  ques¬ 
tions  here  concern  performance  reduction  and  the 
need  for  onboard  system  identification  of  the 
disturbances. 

Finally,  the  LOS  performance  metric  must  be 
given  as  much  importance  in  the  controller  de¬ 
sign  as  in  the  structural  design  of  an  optical 
spacecraft.  The  use  of  the  LOS  in  the  perfor¬ 
mance  index  J  (see  Eq.  4-86)  is  a  natural  con¬ 
sequence  of  the  CSDL  No.  2  control  problem. 
Actuator  selection  and  location  is  based  di¬ 
rectly  on  the  decomposition  of  the  LOS  error 
into  nodal  displacements  of  the  structure.  In 
general,  for  more  complex  optical  systems,  there 
will  be  additional  optical  characteristics 
(e.g.,  higher  order  aberrations  nr  their  Zer- 
nike  polynomial  representations)  which  need  to 
be  controlled,  and  it  can  be  expected  that  the 
associated  performance  metrics  and  optical  al¬ 
gorithms  will  be  used  in  the  cost  functions, 
actuator  selection,  and  controller  designs  for 
such  systems.  As  a  step  toward  establishing 
the  purview  of  a  yet-to-be  characterized  CCV 
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technology,  the  optical  and  control  design 
should  be  integrated  as  early  as  possible.  In 
particular,  the  definition  of  actuators  and 
sensors  must  take  into  account  the  geometries 
of  the  optical  train  and  that  of  the  supporting 
structure.  After  this  early  integration  of 
spacecraft  instrumentation  for  combined  mission 
and  control  objectives,  the  more  difficult 
questions  of  CCV  structural  re-design  can  be 
addressed. 

Physical  Interpretations  of  Control  Strategies. 
The  initial  considerations  in  controller design 
stem  from  the  control  objective  and  the  nature 
of  the  disturbance.  There  are  several  generic 
ways  of  addressing  the  problem,  and  these  are 
summarized  below: 

1.  Destroy  the  disturbance  at  the  source 

2.  Lock  all  the  structural  nodes  by  active 

means  .  . 

3.  Lock  only  those  nodes  contributing  to 

the  LOS  error 

4.  Lock  the  LOS  directly  by  optimally  modi¬ 
fying  the  motions  of  the  contributing 
nodes 

Method  1  involves  either  vibration  isolation  or 
directly  opposing  the  disturbance  by  appropri¬ 
ate  actuators  at  the  disturbance  location.  This 
may  not  be  feasible  in  practice  and  is  outside 
the  scope  of  the  present  study. 

Method  2,  which  has  been  used  with  success  in 
transient  vibration  suppression,  is  the  conse¬ 
quence  of  using  modal  control  techniques.  Be¬ 
cause  all  nodal  displacements  are  linear  super¬ 
positions  of  structural  modes,  strong  control 
of  the  principal  modes  (e.g.,  high  modal  damp¬ 
ing)  will  result  in  quieting  down  all  the  struc¬ 
tural  nodes.  In  the  case  of  forced  vibrations, 
this  method  may  require  unwarranted  large 


control  efforts.  In  addition,  strong  perform¬ 
ance  and  robustness  requirements  may  lead  to  an 
excessive  number  of  actuators.  For  CSDL  No. 
which  has  51  nodes,  this  could  involve  as  many 
as  51  X  3  =  153  actuators.  Since  the  perform¬ 
ance  (LOS)  depends  only  on  21  degrees  of  freedom 
(d.o.f.'s)  distributed  among  12  structural 
nodes,  a  more  reasonable  approach  is  to  con¬ 
centrate  the  control  effort  on  these  21 
d.o.f.'s.  This  is  the  basis  for  Method  3. 

Method  3  could  be  envisioned  as  an  active  lock¬ 
ing  of  all  the  optical  surfaces  while  the  rest 
of  the  structure  still  undergoes  forced  vibra¬ 
tions.  However,  since  in  CSDL  No.  2  there  are 
only  two  optical  d.o.f.'s  of  interest 
LOSX  and  LOSY),  better  use  can  be  made  of  the 
21  actuators  required  to  lock  the  21  nodal 
d.o.f . 's  of  the  LOS. 

Method  4  is  the  one  developed  in  the  present 
study,  and  it  exploits  the  redundancy  of  the  21 
actuators.  In  this  method,  the  actuators  do 
not  attempt  to  lock  the  corresponding  nodal 
d.o.f.'s.  Rather,  they  act  in  such  a  way  that 
the  combined  motions  at  these  21  d.o.f.  s  result 
in  a.  locked  LOS.  With  such  a  control,  the_ 
stru;ture  still  appears  to  be  vibrating  while 
the  LOS  is  essentially  still.  This  seemingly 
complicated  solution  is  obtained  rather  simply 
by  the  optimal  formulation  of  the  control  prob¬ 
lem  when  the  cost  function  has  been  properly 
formulated  to  embooy  the  nature  of  the  required 
performance.  A  side  benefit  of  the  optimal 
control  technique  is  the  guarantee  that,  for  a 
given  LOS  error,  the  actuators  will  not  fight 
each  other  but  rather  will  cooperate  so  as  to 
minimize  the  total  control  effort.  (See  Note  1.) 

It  is  important  to  note  that  the  new  class  of 
frequency-shaped  cost  controllers  designed  to 
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address  the  steady-state  disturbance  rejection 
problem  is  still  an  integral  part  of  the  orig¬ 
inally  formulated  two-level  HAC/LAC  approach. 
This  approach  combines  noncolocated  state- 
estimator  implementations  for  high  performance 
with  colocated  output  feedback  for  spillover 
management.  In  the  CSDL  No.  2  problem,  damping 
considerations  are  essentially  absent  in  the 
MAC  design  (other  than  required  for  stability). 
The  LAC  design  is  primarily  intended  to 


ACOSS  Phase  lA  provided  the  needed  technical 
bridge  between  theoretical  ideas  developed  in 
Phase  1  and  analytical/computational  sophistica¬ 
tion  and  experimental  verification  needed  to 
proceed  to  proof-of-concept  level  demonstration. 
The  basic  validity  of  combining  colocated  output 
feedback  with  noncolocated  state-estimator  mech¬ 
anizations  needed  for  high  performance  was 
established.  The  possibility  of  very  high  per¬ 
formance  for  certain  Control-Configured  Vehicle 
(CCV)  applications  was  demonstrated  conclu¬ 
sively.  Finally,  these  methods  were  realized 
in  simple  hardware  conceptually  not  unlike  that 
required  for  actual  space  structures  applications. 


stabilize  the  HAC  controller  in  its  roll-off 
region  where  the  HAC-unmodeled  modes  are  also 
very  poorly  known,  and,  for  this  reason,  the 
LAC  synthesis  is  almost  a  statistical  method 
for  spillover  correction.  Finally,  the  role  of 
the  frequency  shaping  of  the  LOS  cost  is  to  put 
emphasis  on  the  LOS  error  at  the  disturbance 
frequencies,  thereby  reducing  the  control  gains 
and  desensitizing  the  controller  to  plant  param¬ 
eter  errors. 


lending  credibility  to  the  possibility  of 
practical  implementations. 

Unresolved  issues  still  remain,  however.  The 
process  of  model  reduction  needs  much  refine¬ 
ment,  both  in  procedural  organization  and  in 
connection  with  system  robustness  evaluation. 
Robustness  measures  need  further  definition, 
and  levels  of  achievable  robustness  need  to  be 
investigated.  Finally,  system  identification 
methods  necessary  to  evaluate  robustness  and 
experimental  performance  must  be  further  devel¬ 
oped  and  tested. 
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CIRCULAR  PLATE  EXPERIMENT  -  SIMULATION  RESULTS 
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-2.6545-03 

0 

-1,0725-02 

0 

1.0575-02 

0 

8.8205-03 

0 


4 

0 

0 

-5.1195-06 

0 

-9.4005-06 

0 

1.9465-0^ 

-7.8445-03 

0 

2.3595-06 

0 

1.0845-06 

0 

-7.1745-06 

0 

-6.1495-05 

0 

1.7055-02 

0 

4.8505-04 

0 

2.9025-03 

0 

1.2595-05 

0 

1.5055-02 

0 

-1.2655-06 

0 

7.5115-06 

0 

-2.0815-03 

0 

-2.0385-05 

0 

-6.9005-04 

0 

-5,2325-05 

0 

-2.1045-08 

0 

5.4535-06 

0 

-2.0695-07 

0 

4.0075-03 

0 

-8.0165-06 

0 

4.6975-05 

0 

-8.3145-07 

0 

1.1065-07 

0 

-5.0215-04 

0 

6.9335-04 

0 

1.1115-05 

0 

-1.1575-04 

0 

-1.1345-03 

C 

8.8405-04 

0 

-4.3475-03 

0 

2.7725-04 

0 


4,9315-Ct 

0 

4.5765-07 

0 

7.8485-06 

C 

-6.6285-05 

0 

4.6125-03 

0 

-2.5615-04 

0 

-4.9305-03 

0 

2.7845-04 

0 

1.5585-02 

0 

4.8135-04 

0 

6.0655-05 

0 

-1.0415-03 

0 

-1.3105-03 

0 

-1.0075-02 

0 

-2.1015-05 

0 

1.8905-04 

0 

-3.6145-03 

0 

4.0525-04 

0 

9.1495-04 

0 

1.1955-04 

0 

2.1605-06 

0 

-3.3115-05 

0 

9.3665-08 

0 

-1.2615-03 

0 

-4,5005-05 

0 

-5.9725-03 

0 

8.1855-06 

2.5005-05 

0 

-3.4365-04 

0 

-4.0075-04 

0 

4.5985-05 

0 

-1.5575-03 

0 

2.1785-03 

0 

-1.4945-03 

•3 

-1.7115-03 

(, 

1.9281-03 

f, 


3.9C75-0c  • 
C 

-3.2735-06 

0 

-4.5765-07  • 
0 

1.5215-03 

0 

-9.3545-04 

0 

-5.1405-03 

0 

-7.8895-04 

0 

7.7985-03 

0 

2.6075-03 

0 

3.4685-03 

0 

-8.1255-05 

0 

-5.8805-04 

0 

5.2205-04 

0 

-6. 2405-03 
0 

7.6625-05 

0 

2.8925-05 

C 

1.1065-02 

0 

-2.2695-04 

0 

7.1025-05 

0 

-3.8105-04 

0 

-6.7585-08 

0 

3.5325-05 

0 

1.4725-07 

C 

-7.3385-03 

C 

-1.8845-04 

C 

-1.1195-02 

0 

2.1355-05 

0 

3.2975-05 

0 

3.1145-05 

0 

-4.2865-03 

0 

2.0995-04 

0 

-1.6425-03 

-1.1165-02 

0 

9.6135-03 

5.7955-03 

0 

-4.2535-03 

0 


-4.E495-06 

0 

-3.2735-06 

0 

-4.5765-07 

0 

1.5075-03 

0 

-7.9115-04 

0 

-5.1755-03 

0 

1.4805-03 

0 

7.8855-03 

0 

-4.5465-03 

0 

3.5155-03 

0 

-1.4715-04 

C 

4.0745-04 

0 

1.4565-03 

0 

-1,6085-04 

0 

9.2175-05 

0 

-5.5615-05 

0 

1.2935-02 

0 

-3.9195-04 

0 

-3.5465-04 

0 

-3. 9235-04 
0 

-4.8085-08 

0 

1.3945-05 

1.7445-07 

0 

-4.1895-03 

0 

1.5065-05 

0 

-1.5275-03 

0 

2.0265-06 

0 

3.4635-06 

0 

-1.9625-03 

0 

1.6145-02 

0 

-6.7895-04 

0 

1.1545-02 

0 

1.0705-02 

0 

-1.1105-02 

0 

-1.0165-02 

5.6335-03 


6 

0 

0 

1.1485-05 

0 

-3.1885-06 

0 

-6.0355-03 

0 

-1.5745-03 

0 

-3.4865-08 

0 

-4.4655-09 

0 

1.0405-07 

0 

2.3315-06 

0 

-4.7895-04 

0 

-3.0865-04 

0 

-6.3705-04 

0 

-1.6225-07 

0 

-2.8785-03 

0 

1.0645-07 

0 

-1.5675-06 

0 

3.5455-03 

0 

-7.4195-08 

0 

-2.2105-05 

0 

-4.1855-05 

0 

-1.3725-09 

0 

8.1035-08 

0 

-4.4825-08 

0 

1.1945-03 

0 

1.7425-06 

0 

2.4015-04 

0 

-2.5905-07 

0 

-8.4815-07 

0 

1.5045-02 

0 

1.6165-03 

0 

1.1305-04 

0 

-3.4025-03 

0 

6.3655-03 

0 

1,3435-03 

0 

-2.5265-03 

0 

-1.0525-02 

r, 


9 

-1.2535-05 

0 

-4.5765-07 

0 

-7.8485-06 

0 

8.6615-05  ■ 
0 

-4.9445-03 

0 

-3.2885-04  ■ 
0 

-3.8935-04  ■ 
0 

4.4985-04 

0 

1.2575-03 

0 

-5.9165-04  ■ 
0 

6.4025-05 

0 

-1.2275-03 

0 

7.5095-04 

0 

-3.5665-03 

0 

1.4695-05 

0 

1.3495-05 

0 

-1.7465-03 

0 

-2.6465-04 

0 

4.6655-05 

0 

4.7175-05 

0 

6.7835-09 

0 


3.6255-08 

0 

-7.9145-04 

C 

2.8465-05 

0 

3.9075-03 

0 

-5.3305-06 

0 

-1.0415-05 

0 

1.3355-03 

0 

8.1065-04 

0 

6.2765-06 

0 

1.5495-03 

0 

-1.1365-02 

0 

-1,4405-03 

0 

3.5555-03 

0 

-6,1185-04 

0 
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2.15o5-06 

0 

3,2735-06 

0 

4.5765-07 

0 

-1.5175-03 

0 

9,1755-04 

0 

-5.1525-03 

-3.3675-04 

0 

7.8315-03 

0 

1.2125-03 

0 

-3.4735-03 

0 

9.5125-05 

C 

4,7005-04 

0 

6.8575-04 

0 

5.5965-03 

0 

8.1285-05 

0 

2. 0225-05 
C 

-1.1695-02 

0 

-2.1575-04 

0 

-2.5145-05 

0 

4.0095-04 

0 

7.3065-08 

1.7075-05 

0 

2.4195-07 

0 

-2,6335-03 

0 

1,5515-05 

2,4155-03 

0 

6. 6841-08 
0 

-6.1465-06 

0 

-7.3465-04 

0 

-2.7365-03 

0 

-1.5545-04 

0 

3.0815-03 


-2.5035-03 

0 

-2.1015-04 

0 

1.1135-02 

0 


appendix  b 


G .  ('ftTRlX  (  B8_BY_21_) 


9 


1 


4 


-2.384D-03 

0 

-1.85011-03  ■ 
0 

5.521D-03  ■ 
0 

1 .925D-03 
0 

-1,0360-03 

0 

1.5440-03 

0 

1.4170-04 

0 

1.2380-03 

0 


7.4760-03 

0 

•1.5380-03 

0 

■2.2810-02 

0 

-2.0920-02 

0 

-4.0720-03 

0 

8.3550-03 

0 

2.2380-03 

0 

1.7490-03 

0 


-7.4820-03  - 
0 

-1.1910-02  ■ 
0 

2.0880-03 

0 

B. 0720-03 
0 

-5.6B30-03 

0 

1.4970-02 

0 

4. 7270-03 
0 

7.8060-03 

0 


■4.9770-04 

0 

■6.7480-04 

0 

4.0220-04 

0 

2.8820-03 

0 

-6.5220-04 

0 

1.3060-03 

0 

6.9050-04 

0 

7.0520-04 

0 


■2.0690-03  - 
0 

9.5760-04 

0 

5,0930-03  • 

-2.5300-03 

0 

-1.9050-03 

0 

3.4220-04 

0 

1.1720-04 

0 

2.5410-03 

0 


■2. 9430-03 
0 

4.3000-03 

0 

-1.8610-02 

0 

2.4270-02 

-8.2820-03 

0 

-2.6O20-C3 

0 

-3.7320-^)4 

0 

3.1880-03 

0 


-9.0530-03 

0 

1.0490-02 

0 

1.3800-03  ■ 
0 

-9.0950-03  ■ 
0 

-1.2480-02 

0 

-i.i520-03 

0 

-3.2210-03 

0 

7.8210-03 

0 


-1.0170-02 

0 

-5.5830-03 

0 

-2.8850-04 

0 

-1.1360-03 

0 

•2.9460-03 

c 

-1.030D-02 

0 

94227D-03 

0 

-7.613D-03 

0 


1.032D-03 

c 

1,8980-03 

0 

-3.3860-03 

0 

-4.8950-03 

0 

4.6180-04 

0 

-2.6430-03 

0 

•5.7880-04 

0 

4.9110-03 

0 


10 

-3.1300-03 

0 

-1.0370-02 

0 

-2.6850-03 

0 

2.4550-03 

1.6080-02 

0 

-3.7330-02 

0 

•8.2170-03 

0 

1.2260-02 

0 


11 

-3.0970-06 

0 

3.2730-06 

c 

4.5760-07 

0 

-1,5100-03 

0 

8.0490-04 

0 

-5.1720-03 

0 

1.0260-03 

0 

,  7.8790-03 

)  ^ 

!  -3.0950-03 

3  0 

?  -3,5400-03 
0  « 

1  1.4170-04 

2  ® 

3  -3.1390-04 

4  0 

5  1.3130-03 
'6 

17  6.3480-04 


9.1880-05 


-3.7120-05 


-1.3650-02 

0 

-4.3560-04 

0 

3.3550-04  ■ 
0 

4.5870-04 

0 

7,9890-08 

0 

4.0370-05 

0 

-3.3360 'OS 
0 

4.8350-03 

0 

-7.3620-05 


-3.0750-03 

0 

1,0450-05 

0 


12 

-1.2580-05 
0 

4.5760-07 
0 

7.8480-06 
0 

-8.6960-05 
0 

4.9410-03 
0 

-3.2900-04 

-3.8960-''4 
0 

4.5020-04 

0 

1.2500-03 

0 

5.9860-04 

0 

-6.4620-05 

c 

1.2140-03 

0 

7.4920-04 

0 

3.4820-03 

0 

1,4520-05 

0 

1.6750-05 

0 

1.7520-03 

0 

-2.6070-04 

0 

-4,2330-05 

0 

-4.6090-05 
0 

■5.9670-09 

0 

2.0810-05 
0 

■2,4890-06 
0 

6.1280-04 

0 

3.9440-05 
0 

4,5800-03 
0 

-6.3940-06 

0 


13 

2.1560-06 
0 

-3.2730-06 
0 

-4.5760-07 
0 

1.5170-03 
0 

-9.1800-04 
0 

-5.1520-03 
0 

-3.3660-04 

0 

7.8310-03 

0 

1.1900-03 

3.4810-03 

0 

-9.5520-05 

0 

-4.7190-04 

0 

6.8540-04 

0 

-5.6140-03 

0 

8.1640-05 

0 

1.3620-05 
0 

1.1710-02 
0 

-2.1660-04  - 
0 

2.5560-05  - 
0 

-4.0190-04  ■ 
0 

-7.3320-08  ■ 
0 

1.7310-05 
0 

■2.3860-07 
0 

2.5150-03 
0 

1.8160-05 
0 

2.5680-03 
0 

-5.4480-08 
0 


14 

-3.0970-06 
0 

-3.2730-06 
0 

-4.5760-07 
0 

1.5100-03 
0 

-8.0500-04 
0 

-5.1720-03 
0 

1.0270-03 
0 

7.879D-03 
C 

-3.124D-03 
0 

3.5190-03 
0 

-1.4080-04 

0 

3.0930-04 

0 

1.3130-03  • 

0 

-8.5920-04 
0 

9.1970-05 
0 

■3.9550-05 
0 

1.3610-02 
0 

-4.3440-04 

0 

-3.3330-04  - 
0 

-4.5680-04 

0 

-7.9380-08 
0 

4.0070-05 
0 

2.9890-08 
0 

-4.6750-03 
0 

7.5550-05 

■3.0590-03 
0 

1.0240-05 
0 


15 

8.2860-06 

0 

3.2730-06  • 
0 

4.5760-07 

0 

-1,5210-03 

0 

1.0420-03 

-5.1320-03 

0 

-1.9280-03 

0 

7.7660-03 


6.2490-03 

0 

-3.4050-03 

0 

6.0750-05 

0 

1.3590-03 

0 

•4.6940-05  • 

0 

1.1200-02 

0 

7.0550-05 

0 

8.^790-05 

0 

-1.0740-02 

0 

4.2950-05 

0 

-4.2940-04 

0 

3.9270-04  • 
0 

8.5930-08  ■ 
0 

-1.1990-05 
0 

1.0550-06 
0 

-2.2060-02 
0 

2.4720-0;; 

2.0230-02 
0 

-2.8900-05 
0 


16 

8.2860-06 

0 

■3.2730-06 

0 

-4.5760-07 

0 

1.5220-03 

0 

-1.0430-03 

-5.1320-03 

0 

-1.9290-03 

0 

7.7860-03 

0 

6.2360-03 

0 

3.4460-03 
0 


•6.1230-05 


-1.3560-03 

0 

-4.8800-05 

0 

-1.1180-02 

0 

7.1130-05 

7.7210-05 

0 

1.0730-02 

0 

4.2310-05 

0 

4.2890-04 

0 

-3.9200-04  ■ 
0 

-8.5360-08  • 
0 

-1.1790-05 
0 

•1.0230-06 
0 

2.1250-02 
0 

2.6480-04 
0 

2.0740-02 
0 

-2.8900-05 
0 


17 
0 
0 

1.2960-05  ■ 

0 

2.2320-05  ■ 

0 

-6.3130-03 

0 

1.4520-02 
0 

2.5940-07 

•3.9860-07 

0 

■5.7020-07 
0 

-1.0370-05 
•  0 
1.4730-03  ■ 

0 

-5 .0880-04 
0 

3.5660-03  ■ 

0 

1.1110-07 

0 

1.0060-02 
0 

•3.7520-07 
0 

4.3150-06 
0 

9.0110-03  - 
-  0 
1,2180-06  ■ 
0 

-2.3850-04 
0 

-2.0070-04 
0 

-3.0240-08 
0 

-3.2930-07 
0 

■1.9710-07 
0 

3.4070-03 
0 

-2.4';40-06 


18 

-1.2580-05 
0 

-4.5760-07 
0 

-7.8480-06 
0 

8.5420-05 
0 

•4.9450-03 
0 

■3.2890-04 
0 

-3.8920-04 
0 

4.5010-04 

0 

1.2560-03  ■ 

0 

-5.9280-04 

0 

5.9930-05 

0 

-1.2410-03 
0 

7.5450-04 
0 

-3.6700-03 
0 

1.4840-05 
0 

1,3290-05  - 
0 

-1.5820-03  ■ 
0 

-2.7090-04  ■ 
0 

4.8000-05 
0 

4.3930-05 
0 

7.0540-09 
0 

2.3880-05 
0 

3,0470-08 
0 

-5.0080-04 
0 

2.0510-05 


19 

-9.2270-06 
0 

3.2730-06 
0 

4.5760-07 
0 

-1.5040-03 
0 

6.9310-04 
0 

■5.1950-03 

0 

2.6170-03 
0 

7.9330-03 

0 

-8.1250-03 

-3.6110-03 

0 

1.8240-04 

0 

-1,1000-03 
0 

2.0540-03 
0 

■3.9820-03 
0 

l.O^U'-OA 
0 

-1,0430-04 
0 

-1.5350-02 
0 

-7.0680-04  ■ 
0 

6.9670-04  ■ 
0 

5.0860-04 
0 

8.4080-08 
0 

7.1900-05 
0 

•5.3900-07 
0 

1,8090-02 
0 

-2.3730-04 


20 

■1.2580-05 


4.5760-07 

0 

7. 8480-06 
0 

-8.5360-05 

0 

4.9450-03 

0 

-3.2900-04 

0 

-3,8940-04 

0 

4.5040-04 

0 

1.2480-03 

6.0080-04 

0 

-5.9370-05 

0 

1.2420-03 

7.5420-04 

3.6800-03 
0 

1.4680-05 

1.6630-05 
0 

1.5410-03 

-2,6950-04 

0 

-4.8530-05 


■4.2100-05 

C 

■6.3090-09 

0 

2,3440-05 

_C 

9.6680-10 

0 

-2.5080-04 


2.2410-05 


u 


u 


-5,1530-04 

0 

6.3770-07 

0 


3.6290-03 

0 

-4.5560-0o 

0 


■1,4400-02 

0 

3.0310-05 

0 


3.6330-0 


-4,5340-0: 
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56 

57 
5B 

59 

60 
61 
65 
63 
69 

65 

66 

67 

68 
69 


11 

6 1 46611-06 
0 

2.4330-03 

0 

-B. 9060-03 
0 

-5.5910-04 

0 

1.1590-02 

0 

-2.0870-03 

0 

-2.9910-03 

0 

-1.4060-03 


12 

-1.2340-05 

0 

-3. 8100-03 
0 

-2.9020-03 

0 

-1.5640-05 

0 

-1.8920-03 

0 

1.4730-02 

0 

1.1360-03 

0 

-3.6910-03 


70 

0 

0 

71 

4.8710-03 

-3.9710-03 

72 

0 

0 

73 

-9.7530-03 

-6.3350-04 

74 

0 

0 

75 

-9.1540-03 

-2.2860-03 

76 

0 

0 

77 

7.4340-03 

-4.5070-03 

78 

0 

0 

79 

6.6750-03 

6.6570-03 

80 

0 

0 

81 

-7.6030-04 

2.1310-04 

82 

0 

0 

83 

3.2790-03 

1.5650-05 

84 

0 

0 

85 

-3.4620-03 

2.0700-03 

86 

0 

0 

87 

-2.9330-02 

3.5320-04 

88 

0 

0 

21 

1 

-9.2270-06 

2 

0 

3 

-3.2730-06 

4 

0 

5 

-4.5760-07 

6 

0 

7 

1.5030-03 

8 

0 

9 

-6.9040-04 

10 

0 

11 

-5.1950-03 

12 

0 

13 

2.6180-03 

14 

0 

15 

7.9330-03 

16 

0 

17 

-8.1620-03 

18 

0 

19 

3.5580-03 

20 

0 

21 

-1.8240-04 

0 

23 

1.1070-03 

24 

0 

25 

2.0550-03 

26 

0 

27 

4.0230-03 

21i 

0 

29 

1.0400-0't 

30 

0 

31 

-1.0260-04 

32 

0 

33 

1.5370-02 

34 

0 

35 

-7.0630-04 

36 

0 

13 

-6.6450-06 

0 

-5.9310-04 

0 

2.5030-03 

0 

1.3090-04 

0 

-2.3860-03 

0 

-7.6410-04 

0 

-6.7660-04 

0 

-1.2350-04 

0 

4.1950-03 

0 

-1.0240-02 

0 

9.3470-03 

0 

-1.2490-03 

0 

-3.2450-03 

0 

3.9050-02 

0 

1.3890-02 

0 

5.7300-03 

0 

-1.8400-04 

0 


14 

6.6170-06 
■  0 

1.3120-03 

0 

-1.1090-02 

C 

5.3140-04 

0 

-1.1150-02 

0 

2.8320-03 

0 

-2.6040-03 

0 

-3.2040-04 

0 

8.7970-03 

0 

-6.6170-03 

0 

7.4480-03 

0 

6.5510-03 

0 

-8.5810-03 

0 

-6.6770-03 

0 

-3.5920-03 

0 

2.1840-04 

0 

-1.8060-02 

0 


15 

-5.3390-05 

0 

1.0760-03 

0 

1.6560-03 

0 

1.3000-04 

0 

-3.3480-03 

C 

1.6910-03 

0 

-9.2040-04 

0 

5.2620-03 

0 

-1.3810-02 

0 

5.9990-03 

C 

1.3690-02 

0 

2.5510-03 

0 

-1.2140-03 

0 

-1.9090-03 

0 

3.5910-03 

0 

6.6200-04 

0 

-2.9330-03 

0 


16  ic  19 

-5.5630-05  1.7200-06  -9.7870-06  3.5500-05 
0  0  0  0 
-2.0640-03  -1.7770-02  6.4960-03  9.5270-04 
0  0  0  0 
1.5410-03  2.4020-05  4.5430-04  -5.2220-03 
0  0  0  0 
-1.3840-04  -1.5630-05  -2.9460-05  -3.0670-04 
0  0  0  0 
3.6130-03  2.7040-03  2.0310-03  4.6390-03 
0  0  0  0 
-1.9680-03  -1.5630-02  -1.0360-02  -5.4070-03 
0  0  0  0 
-3.6650-03  -8.4050-04  -6.1760-04  1.0120-02 
0  0  0  0 
-2.1990-03  1.4920-03  1.2440-03  -1.5920-02 
0  0  0  0 
-7.6860-03  -5.1800-03  8.2840-04  -1.6610-02 
0  0  0  0 
1.4710-02  -5.9220-03  3.4440-03  8.8340-03 
0  0  0  0 
-1.2460-02  -6.1230-05  3.0300-03  2.6200-02 
0  0  0  0 
1.4290-03  4.9690-04  -2.1450-03  2.9010-02 
0  0  0  0 
1.6640-03  -3.6180-03  -3.6100-03  1.2960-02 
0  0  0  0 
-4.5540-03  -1.7480-04  2.5290-03  2.5540-04 
0  0  0  0 
-1.3350'-O3  6.00001-06  1.7420-03  -1,8390-03 
0  0  0  0 
-3.4860-04  3.7510-04  6.3700-03  2.2860-03 
0  0  0  0 
-1.0800-03  -2.0840-04  9.9280-03  1.2730-02 
0  0  0  0 


20 

-9.7530-06 

0 

-5.1130-03 

-3.9760-03 

0 

1.1210-05 

0 

-1.7250-03 

0 

1.1390-02 

0 

3.2010-03 

0 

-6.0430-04 

0 

-4.6280-04 

0 

3.6830-03 

0 

-1.9720-03 

0 

-2.8100-03 

0 

6.3790-03 

0 

7.6050-03 

0 

4.2970-03 

0 

4.9230-03 

0 

-5.0940-04 

0 


APPENDIX  B 


THE  G 


MATRIX  (  88  BY  21  ) 


37 

38 

39 

40 

41 

42 

43 

44 

45 
4i 

47 

48 

49 

50 

51 

52 

53 

54 

55 
54 

57 

58 

59 

40 

41 

42 

43 

44 

45 
44 

47 

48 

49 

70 

71 

72 

73 

74 

75 
74 

77 

78 

79 


21 

-7.014D-04 

0 

-5.094D-04 

0 

-8.437D-08 

0 

7.18Ui'05 

0 

5.3420-07 

0 

-1.797D-02 

0 

-2.554D-04 

0 

-1. 51211-02 
0 

3.083D-05 

0 

3.812D-05 

0 

7.27811-04 

0 

-4.047D-03 

0 

2.715D-04 

0 

-3.444D-03 

0 

2.221D-03 

0 

1. 5448-02 
0 

1.5528-02 

0 

-7.8028-03 

0 

1.9438-02 

0 

-2.7178-02 

C 

2.4028-02 

0 

-1,4488-02 

0 

1.4918-03 

0 

1.0198-03 

0 

-9.1288-04 

0 

7.5998-03 

0 


B-4 


APPENDIX  B 


THE  H 


MATRIX  ( 

3  BY  88  ) 

1  2 

3  4 

5 

C 

0  l.OOOH+OO 

0  0 

0 

c 

0  0 

0  1.0000400 

0 

0 

0  0 

0  0 

0 

1.0000400 

11  12 

13  14 

15 

14 

0  -1.291D-04 

0  -2.2900-04 

0 

4.0190-04 

0  -3.46BD-07 

0  4.4250-07 

0 

1.0440-04 

0  0 

0  0 

0 

0 

21  22 

23  24 

25 

24 

0  -1.021Ii-04 

0  3.7490-04 

0 

-1.5900-04 

0  -2. 34011-04 

0  -1.5170-04 

0 

-1.4040-04 

0  0 

0  0 

0 

0 

31  32 

33  34 

35 

34 

0  1.174D-05 

0  2.2120-05 

0 

1.3450-04 

6  -2.402D-04 

0  1.3740-02 

0 

2.734D-04 

0  0 

0  0 

0 

0 

41  42 

43  44 

45 

44 

0  7.711D-10 

0  -3.3BBD-05 

0 

2.0150-08 

0  -B. 4100-08 

0  -7.0010-07 

0 

-1.3590-07 

0  0 

0  0 

0 

0 

51  52 

53  54 

55 

54 

0  1.B47D-02 

0  -3.1450-05 

0 

-5.2430-05 

0  -1. 1390-05 

0  1.5B0D-07 

0 

-2.4380-07 

0  0 

0  0 

0 

0 

41  42 

43  44 

45 

44 

0  7.7720-04 

0  -7.094D-04 

0 

3.9530-03 

0  5. 2070-04 

0  -1.0120-02 

0 

5.9530-03 

0  0 

0  0 

0 

0 

71  72 

73  74 

75 

74 

0  -4.B190-03 

0  3.B38D-03 

0 

1.1500-04 

0  -2.1980-03 

0  -9. 4200-04 

0 

-8.4050-03 

0  0 

0  0 

0 

0 

B1  B2 

B3  B4 

85 

84 

0  -2.2440-02 

0  9.0290-03 

0 

2.4270-04 

C  1.4450-02 

0  3.7140-02 

0 

1.2020-02 

0  0 

0  0 

0 

0 

7 

& 

9 

10 

0  -2.5770-07 

0 

3.5270-07 

0  3.2540-04 

0 

-2.1410-04 

0 

0 

0 

0 

17 

18 

19 

20 

0  7.3410-04 

0 

2.4140-04 

0  -4.8480-04 

0 

8.7310-04 

0 

0 

0 

0 

27 

28 

29 

30 

0  2.7380-05 

0 

-9.4440-07 

0  -2.7750-03 

0 

2.4130-07 

0 

0 

0 

0 

37 

38 

39 

40 

0  -4.3400-04 

0 

5.4100-07 

0  -2.4050-04 

0 

-4.5420-04 

0 

0 

0 

0 

47 

48 

49 

50 

0  -4.2730-04 

0 

2.B30D-04 

0  M. 7030-02 

0 

4.442D-C7 

0 

0 

0 

0 

57 

58 

59 

40 

0  -1.2270-03 

0 

1.0990-02 

0  1.8710-03 

0 

-5.4530-04 

0 

0 

0 

0 

47 

48 

49 

70 

0  -1.4150-02 

0 

1. 9050-03 

0  3.2090-03 

0 

1.0450-02 

0 

0 

0 

0 

77 

78 

79 

80 

0  3.2340-03 

0 

-4.4140-04 

0  -1.1480-03 

0 

-1.444D-02 

0  0 

87  88 

0  -1.4470-02 

0  -1.0400-02 

0 

0 

0  0 
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APPENDIX  B 


THE  K 


MATRIX  (  2A  BY  3  ) 


9 

10 

11 

12 

13 

14 

15 
14 

17 

18 

19 

20 
21 
22 

23 

24 


1 

4.472D-02 

3.005D-01 

-1.957II-0A 

-5.284D-05 

-3.207D-17 

-5.445D-17 

^:liM 

1.455D+02 

3.770D+02 

4.5798-01 

2.1270+00 

1.3900+00 

1.2490+00 

-6.0040-01 

1.4040-01 

5.3360+00 

9.9720+00 

5.4330-02 

2.5420-02 

4.2850+00 

-1.5170+00 

1.6550+01 

2.1110+01 


1.9570-06 

-2.4690-05 

4.4720-02 

3.4290-01 

2.7540-18 

-1.8930-17 

umi 

-1.6630+00 

-2.1530+00 

3.1180+02 

3.6890+02 

1.3640+01 

-1.2300+02 

2.2680+02 

9.1770+01 

9.7120-01 

1.9280-01 

-8.4810+01 

-2.0720+01 

-1.7360+01 

-6.0780+00 

4.3250-01 

-1.4430-02 


1.2210-16 

5.2480-16 

2.6040-14 

4.5510-15 

4.4720-02 

2.9910-01 

1.3210-11 

-8.4170-13 

1.8440-12 

-4.2330-13 

-4.3740-13 

-1.1430-13 

1.2730-13 

-7.4970-14 

-4.1540-11 

-2.8090-12 

-1.5270-12 

-5.4750-13 

9.0500-13 

3.5460-13 

2.9420-13 

9.7430-15 
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APPENDIX  B 


THE  G  MATRIX  <  21  BY  32  ) 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 


14 

15 

16 

17 

18 

19 

20 
21 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 


1 

2 

3 


1 

-2. 5800+03 
-2.4190+03 
1.8600+03 
-1.0920+01 
-2.5590+03 
-2.4050+03 
1.8740+03 
1.6540+01 
5.3080+03 
-6.8730+02 
1.0280+03 
5.3520+03 
-6.8350+02 
1.0480+03 
-1.8130+03 
-1.8570+03 
-5.0800+01 
5.2870+03 
2.6520+03 
5.2830+03 
2.6680+03 


2 

1.' 620+04 
2.1830+04 
3.5960+03 
1.5520+01 
1.1410+04 
2.1950+04 
3.3930+03 
•4.4590+02 
-6.8720+03 
-5.1400+03 
6.6300+03 
-8.1930+03 
-5.2740+03 
6.3060+03 
-4.2170+04 
-4.1830+04 
1.1280+03 
-6.3010+03 
3.0400+04 
-6.3220+03 
3.0730+04 


3 

-1.7340+03 

-1.1680+03 

-1.1160+03 

2.7900+03 

1.7380+03 

1.1680+03 

1.1160+03 

-1.1610+04 

-1.4430+03 

-1.1650+03 

-1.0030+03 

1.4390+03 

1.1610+03 

1.0080+03 

-1.2450+03 

1.246tt+03 

-6.8600+03 

-1.4650+03 

-8.4170+02 

1.4660+03 

8.3690+02 


4 

-2.9170+03 
1.4860+04 
1.6150+04 
4.7990+03 
2.9130+03 
-1.4940+04 
-1.6150+04 
-5.8970+03 
1 ,6390+03 
1.5020+04 
1.7170+04 
-1.6330+03 
-1.5030+04 
-1.7130+04 
1.3600+04 
-1.3470+04 
-1.0740+04 
1.4350+03 
1.9290+04 
-1.3960+03 
-1.9430+04 


3.5810+03 
6.0270+02 
6.1080+02 
3.1310+03 
-3.5810+03 
-6.0240+02 
-6.1070+02 
4.4150+03 
3. 6000+03 
6.0220+02 
6.0990+02 
-3.6000+03 
-6.0230+02 
-6.0970+02 
5.9170+02 
-5.9250+02 
-7.2880+03 
3.6000+03 
6.1840+02 
-3.6000+03 
-6.1790+02 


6 

6.1090+02 

5.2090+01 

5.3090+01 

6.0510+02 

-6.1090+02 

-5.2060+01 

-5.3080+01 

5.7010+02 

6.1320+02 

5.2000+01 

5.2950+01 

-6.1320+02 

-5.2010+01 

-5.2930+01 

5.0660+01 

-5.0730+01 

-1.4230+03 

6.1320+02 

5.4010+01 

-6.1330+02 

-5.3970+01 


7 

-5.9330-02 
7.0600-01 
7.2810-01 
-2.7400-02 
6.1280-02 
-7.0490-01 
-7.2790-01 
5.5190-01 
4.9890-02 
7.0570-01 
7.6460-01 
-5.1420-02 
-7. 0710-01 
-7.6280-01 
6.7020-01 
-6.7180-01 
4.0700-01 
4.3010-02 
8.2430-01 
-4.3110-02 
-8.2460-01 


11 

-1.0430-01 

2.0610+00 

2.1440+00 

-2.7170+00 

1.0530-01 

-2.0630+00 

-2.1440+00 

-4.3890-01 

2.3910-Or 

2.0690+00 

2.2410+00 

-2.4010-01 

-2.0710+00 

-2.2370+00 

1.9640+00 

-1.9590+00 

-1.1670+00 

2.2030-01 

2.4140+00 

-2.1770-01 

-2.4210+00 

21 

-9.4190-01 

-4.1270+00 

-2.2600+00 

-1.3670+00 

-4.3180-01 

1.6790+00 

1.9430+00 

9.1370-02 

5.4880-01 

-7.6850-02 

-2.6220+00 

4.2570-01 

6.1190-01 

1.9670+00 

6.7270+00 

-2.3370+00 

-3.2310-01 

4.5970-01 

-7.2360+00 

5.3100-01 

4.2180+00 


12 

-2.3970+00 

1.3760+01 

1.4820+01 

3.7860+00 

2.4350+00 

-1.3720+01 

-1.4810+01 

-3.4190+00 

1.5110+00 

1.3830+01 

1.5740+01 

-1.5500+00 

-1.3880+01 

-1.5670+01 

1.2530+01 

-1.2620+01 

-7.9550+00 

1.3310+00 

1.7650+01 

-1.3340+00 

-1.7610+01 

22 

-1.5660+01 

-3.1170+01 

-5.7340+00 

7.9390-01 

-1.7730+01 

-2.8680+01 

-1.8110+00 

-1.7750-01 

1.0420+01 

5.7390+00 

-1.0150+01 

1.3200+01 

7.4610+00 

-5.9700+00 

5.5970+01 

5.3350+01 

-5.1600-01 

9.6460+00 

-4.2270+01 

1.0760+01 

-3.5990+01 


13 

-3.5330+00 

-8.1160+00 

-5.7880+00 

-8.2860+00 

3.4820+00 

8.0490+00 

5.7950+00 

3.2380+00 

1.0400+00 

-7.8640+00 

-6.4630+00 

-9.6290-01 

7.8940+00 

6.4450+00 

-9.9030+00 

9.9870+00 

-8.5950-01 

1.1580+00 

-5.0280+00 

-1.1430+00 

4.9630+00 

23 

4.1460+01 

7.3470+01 

9.7240+00 

1.1950-01 

4.0680+01 

7.3830+01 

9.0800+00 

-1.4670+00 

-2.6870+01 

-1.6060+01 

2.0450+01 

-3.1160+01 

-1.6530+01 

1.9400+01 

-1.3540+02 

-1.3430+02 

3.8060+00 

-2.4990+01 

9.6100+01 

-2.5010+01 

9.7240+01 


14 

1.2310+01 

-5.4640+01 

-6.0990+01 

-1.5390+01 

-1.1590+01 

5.6170+01 

6.1150+01 

1.4700+01 

-7.2370+00 

-5.6440+01 

-6.4530+01 

6.7170+00 

5.6230+01 

6.4740+01 

-5.2090+01 

4.9310+01 

3.5940+01 

-6.4700+00 

-7.2000+01 

5.e900+00 

7.*i50+01 

24 

2.6520+02 

4.1020+02 

2.9990+01 

-6.6310+00 

2.6430+02 

4.4440+02 

4.6250+01 

-1.0580+01 

-1.7000+02 

-8.1010+01 

9.4780+01 

-1.9600+02 

-9.3010+01 

1.1080+02 

-6.9910+02 

-7.8200+02 

1.6870+01 

-1.6000+02 

4.7810+02 

-1.5940+02 

5.6220+02 


15 

-9.6260+00 

4.7160+01 

5.1720+01 

1.3770+01 

9.7260+00 

-4.7190+01 

-5.1700+01 

-1.6360+01 

5.4340+00 

4.8630+01 

5.4900+01 

-5.4880+00 

-4.8740+01 

-5.4730+01 

4.5820+01 

-4.5800+01 

-3.2610+01 

4.7580+00 

6.0550+01 

-4.6360+00 

-6.0650+01 


-3.5330+07 

-6.3860+07 

-8.9680+06 

-6.6580+04 

-3.4680+07 

-6.4250+07 

-8.4300+06 

1.2820+06 

2.2750+07 

1.4220+07 

-1.8180+07 

2.6520+07 

1.4640+07 

-1.7290+07 

1.1900+08 

1.1830+08 

-3.3110+06 

2.1110+07 

-8.4860+07 

2.1130+07 

-8.5980+07 


16 

-5.7650+01 

2.0070+02 

2.3060+02 

3.041D+01 

5.8240+01 

-2.0050+02 

-2.3040+02 

-4.0090+01 

3.3820+01 

2.0170+02 

2.4330+02 

-3.4030+01 

-2.0220+02 

-2.4240+02 

1.6580+02 

-1.6630+02 

-1.4700+02 

3.1310+01 

2.8590+02 

-3.1300+01 

-2.8630+02 

26 

2.93''D+06 
-1.9  0+07 
-2.0350+07 
-6.0820+06 
-2.8050+06 
1.9690+07 
2.0370+07 
5.3310+06 
-1.9800+06 
-1.8040+07 
-2.1630+07 
1.8880+06 
1.8010+07 
2.1650+07 
-1.3610+07 
1.2980+07 
1.1060+07 
-1.7780+06 
-2.6030+07 
1.7550+06 
2.6610+07 


17 

-1.5960-01 

-2.0420-01 

5.8670-03 

3.4050-04 

-1.5290-01 

-2.1590-01 

-6.5450-03 

1.3780-03 

1.0530-01 

4.6530-02 

-2.89*0-02 

1.1450-01 

3.2570-02 

-4.0940-02 

3.4440-01 

3.2050-01 

-1.6590-02 

1.0020-01 

-2.072D-01 

9.8250-02 

-2.2230-01 

27 

-8.2450+05 
-1.5780+06 
-2.5440+05 
-4.2890+03 
-B. 0820+05 
-1.5720+06 
-2.3120+05 
3.0510+04 
5.3110+05 
3.6600+05 
-4.7510+05 
6.2450+05 
3.7060+05 
-4.4230+05 
3.0260+06 
2.9590+06 
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4.6580+00  2.7670-01 
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20 

5.5720-01 

-1.8790+00 

-2.1540+00 

-9.6850-0'{ 

-5.2240-01 

1.9450+00 

2.1580+00 

-1.8840-01 

-3,9950-01 

-1,6130+00 

-2.2560+00 

3.7250-01 

1.6020+00 

2.2680+00 

-6.6390-01 

5.4050-01 

1.0720+00 

-3.8860-01 

-3.0770+00 

3.8440-01 

3,1870+00 

30 

2.0040+06 

-1,0190+07 

-1.1230+07 

-2.8480+06 

-2,0330+06 

1,0190+07 

1.1220+07 

3.0560+06 

-1.2690+06 

-1.0680+07 

-1.1910+07 

1.2860+06 

1.0710+07 

1.1870+07 

-1.0390+07 

1,0420+07 

6,8800+06 

-1,1180+06 

-1.2'’10+07 

1,0860+06 

1,2900+07 
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31  32 

4  1.160Dt04  -3.703Dt05 

5  8.480D+05  -1.642Iit05 

6  1.281D406  1.080Dt06 

7  S.964D404  1.1678406 

8  -2.416M04  4. 35111+05 

9  -5.7318+05  -1.069D+05 

10  -2.3728+05  -1. 1858+06 

11  2.8728*05  -1.2428+06 

12  -6.4038+05  1.0988+05 

13  -2.4238+05  1.1878+06 

14  2.6038+05  1.2398+06 

15  -2.1388+06  -1.2938+06 

16  -2.0818+06  1.3008+06 

17  7.1178+04  7.4128+05 

18  -5.4158+05  -8.8498+04 

19  1.4558+06  -1.2448+06 

20  -5.3868+05  8.2078+04 

21  1.4408+06  1.2418+06 
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